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ENGLISH SUMMARY 
 
The impact on the construction of glass fitted with safety window film constitutes 
the subject of this work. Consequently we started with the analysis of this 
construction which resulted in the identification of the three basic constitutive 
materials; glass, PET-film and PSA. A literature study yielded their relevant 
mechanical properties. Based on this information we made the decisions on what 
materials would be tested 
 
The performed research can be divided in two main parts based on the nature of the 
involved experiments. The first part concerned the characterization of the static 
mechanical behavior of the three basic materials while the second dealt with the 
dynamic characterization of these materials. 
 
The static characterization part was started with the first basic material, glass. The 
conducted resonance tests yielded values for the elastic material properties in close 
resemblance with the values found in literature. The strength properties were 
determined through four-point bending and axisymmetric bending tests, which were 
monitored by a high-speed camera. In general a very large spread of the results was 
observed. Furthermore, for the axisymmetric bending a large reduction of the edge 
influence and a three times higher flexural strength was obtained than for the four-
point bending.  
 
The next basic material of which the static mechanical behavior was studied is the 
PET-film. Taking into account the results from the tensile tests, we built a strain rate 
and temperature independent, elastic-plastic finite element model of the PET-film, 
which also incorporated the ductile damage behavior. The simulation results 
corresponded well with the experimental results. The tear and penetration resistance 
test results merely provided an insight in the tearing behavior of the PET-film and 
some of its influencing factors. These results were not incorporated in the finite 
element model of the PET-film. 
 
The final part of the static characterization concerned the PSA. As no best practice 
mounting procedure was available we first formulated a set of standard mounting 
procedures. Subsequently, we conducted two types of quasi-static tests to assess the 
adhesion of the PSA between the PET-film and glass, namely peel and shear tests. 
Besides allowing us to decide on what standard mounting procedure would be used 
in the rest of the research, the results from these tests enabled the assessment of the 
different factors of influence. However, as most of these influences could not be 
readily incorporated into the finite element model, we did not include these 
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parameters in the finite element model. After carefully considering the choice of the 
PSA modeling technique and finally opting for the use of cohesive elements, the 
calibration was performed under mode II conditions by inverse modeling of the 
shear test. Subsequently, the obtained PSA model was successfully validated by 
simulating the peel tests (mode I conditions).   
 
The dynamic characterization part comprised two major categories of experiments: 
small-scale drop weight impact tests and large-scale pendulum impact tests in 
accordance with EN 12600. 
 
For the small-scale drop weight tests a new test facility was designed and realized. 
Much effort was put in the optimization and testing of the instrumentation to be able 
to extract as much information as possible from each test and to ensure that the 
obtained measurements were reliable. For this purpose many different measurement 
sensors (e.g. accelerometer, dynamic force sensor, displacement sensor) and 
different measuring techniques by means of the high-speed camera (e.g. digital 
image correlation) were tried and the obtained results were compared with each 
other to validate them. In addition to this, unlike for (quasi-)static measurements, the 
data acquisition of these high-frequency measurement signals required special care. 
Finally, it was important to ensure that all instrumentation signals (so including the 
high-speed images) shared the same time base.  
An extensive experimental program was conducted and the large number of 
available measurement signals for each specimen were processed together and 
mutually compared to be able to correctly interpret the occurring phenomena in the 
signals. 
The resulting acceleration and velocity curves confirmed the highly stochastic nature 
of the glass breakage and the reproducibility of the elastic glass response, which 
completely dominates the elastic behavior of the glass fitted with safety window 
film construction. Moreover, they also enabled us to identify some important 
influencing parameters on the impact behavior of the glass fitted with safety window 
film after glass breakage. Both impact on the film surface (instead of on the glass 
surface) and a higher film thickness were found to lead to an increased film 
resistance. However, the influence of the film thickness could only be distinguished 
for impact with a soft indentor and not with a hard indentor.  
On the hard indentor impact behavior of PET-film alone, by contrast, the film 
thickness did have a significant influence. 
The different types of performed impact tests were modeled in an attempt to use the 
results of the experimental program to validate the finite element models of glass 
and PET-film under impact conditions. The PET-film model, which was based on 
the static tensile tests, was already available. For the glass model, the linear elastic 
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part was based on the known elastic material properties from literature and the 
damage model extension was based on the flexural strength determined in our static 
axisymmetric bending test and a value for the fracture energy taken from literature.   
Although all these impact models, for glass as well as for PET-film, yielded realistic 
results for the elastic part of the simulation, for the damage material model 
extensions a few issues remained.  
For the PET-film this was limited to the fact that some fine-tuning could be useful 
for taking into account the strain rate effects on the material parameters.  
For the glass on the other hand the problems were larger and the solution less 
straightforward. Extensive study, including the introduction of different versions of 
the damage model was performed to enhance this model but no satisfactory results 
were obtained. The fact that the glass breakage model never became fully 
operational was the main reason we did not further pursue the modeling of the 
complete construction of glass fitted with safety window film. 
 
For the large-scale pendulum impact tests according to EN 12600 we first 
thoroughly mapped all shortcomings of the existing test setup. These involved 
incompliance with standard requirements as well as serious problems with the 
safety, ergonomics and ease of use for the operators. Next, a complete retrofit to 
tackle all of these issues was designed and executed. This included the installation of 
a completely new pneumatically actuated clamping system for the specimens. 
The standard calibration tests in the first place demonstrated that the setup fulfilled 
the requirements for the horizontal strain levels and fell just short of the prescribed 
vertical strain range, despite our investigation efforts to tune the setup to reach the 
required vertical strain levels.  
The instrumentation mainly consisted of a general-purpose video camera. By 
applying numerical tracking on the video images of the impact, the movement of the 
impactor was reconstructed and in this way its energy loss during the impact could 
be assessed. 
A limited experimental program yielded as main results (pictures of) the breakage 
patterns of the specimens and the energy loss of the impactor. Like in the small-
scale drop weight tests with soft indentor, the film thickness and the impacted 
surface, though the latter to a lesser extent, were found to be of significant influence 
on the behavior of the glass fitted with safety window film under EN 12600 large-
scale impact. 
Finally, a finite element model was built of this test with a view to the validation of 
the finite element model of glass fitted with safety window film under large-scale 
impact conditions. However, as no model of the glass fitted with safety window film 
was available, we only attempted to deal with two key aspects of this modeling task. 
A model of the realistic boundary conditions of the glass plate clamped between the 
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two rubber-lined clamping frames was built and yielded promising results. The 
model of the pneumatic tires of the impactor still required further development. 
 
v 
 
NEDERLANDSTALIGE SAMENVATTING 
 
Dit werk handelt over de impact op glas voorzien van veiligheidsfilm. Om dit te 
bestuderen, zijn we gestart met de analyse van de drie basismaterialen waaruit deze 
constructie is opgebouwd: glas, PET-film en PSA. Een literatuuronderzoek leverde 
de relevante mechanische eigenschappen van deze materialen op. Op basis hiervan 
hebben we beslissingen genomen omtrent de te testen materialen. 
 
Het uitgevoerde onderzoek kan onderverdeeld worden in twee grote delen gebaseerd 
op het type experimenten. Het eerste deel omvatte de karakterisatie van het statische 
mechanische gedrag van de drie basismaterialen terwijl het tweede deel ging over de 
dynamische karakterisatie van deze materialen. 
 
In het gedeelte over de statische karakterisatie werd van start gegaan met het eerste 
basismateriaal: glas. De uitgevoerde resonantietesten leverden waarden op voor de 
elastische materiaaleigenschappen die goed overeenstemden met waarden uit de 
literatuur. De sterkte-eigenschappen werden bepaald via vierpunts- en 
axisymmetrische buigproeven die opgevolgd werden met een hogesnelheidscamera. 
Over het algemeen werd een zeer sterke spreiding van de resultaten vastgesteld. 
Bovendien werd voor de axisymmetrische buiging een grote reductie van de 
randeffecten en een drie keer grotere buigsterkte vastgesteld dan voor de 
vierpuntsbuiging. 
 
Het volgende basismateriaal waarvan het statische mechanische gedrag werd 
bestudeerd, was de PET-film. Rekening houdend met de resultaten van de 
trekproeven hebben we een elastisch-plastisch eindige elementen model van de 
PET-film opgesteld dat eveneens het ductiel schadegedrag omvatte en niet afhing 
van de reksnelheid en de temperatuur. De gesimuleerde resultaten stemden goed 
overeen met de experimentele resultaten. De proeven ter beoordeling van scheur- en 
penetratieweerstand leverden vooral inzicht in het scheurgedrag van de PET-film en 
sommige van de factoren die dit beïnvloeden. Deze resultaten werden echter niet in 
het eindige elementen model van de PET-film opgenomen. 
 
Het laatste deel van de statische karakterisatie behandelde PSA. Aangezien er geen 
optimale procedure voor het aanbrengen van de film op het glas beschikbaar was, 
hebben we eerst verschillende standaardprocedures opgesteld. Vervolgens hebben 
we twee quasi-statische proeven uitgevoerd om de adhesie van het PSA tussen de 
PET-film en het glas te evalueren, namelijk afpelproeven en afschuifproeven waarbij 
de film respectievelijk wordt afgepeld en afgeschoven. Deze proeven lieten ons niet 
alleen toe om te beslissen welke standaard installatieprocedure we gingen gebruiken 
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voor de rest van het onderzoek, maar ook om de verschillende invloedsfactoren af te 
leiden uit de resultaten. Omdat de meeste van deze factoren echter niet eenvoudig 
konden geïmplementeerd worden in het eindige elementen model, hebben we deze 
parameters er niet in opgenomen. Na de keuze van de modelleringsmethode voor het 
PSA grondig te hebben overwogen, kozen we voor het gebruik van cohesieve 
elementen. De calibratie werd uitgevoerd onder “mode II” voorwaarden via inverse 
modellering van de afschuifproef. Daarna werd het bekomen PSA model succesvol 
gevalideerd door het simuleren van de afpelproeven (“mode I” voorwaarden). 
 
Het deel over de dynamische karakterisatie bestond uit twee grote types 
experimenten: kleinschalige valproeven en grootschalige slingerproeven die voldoen 
aan EN 12600. 
 
Voor de kleinschalige valproeven werd een nieuwe proefopstelling ontworpen en 
gerealiseerd. Er werd veel tijd en moeite gestoken in het optimaliseren en testen van 
de instrumentatie om zoveel mogelijk informatie uit elke test te halen en om ervoor 
te zorgen dat de bekomen meetresultaten betrouwbaar waren. Om dit te bereiken 
werden verschillende meetsensoren (bv. accelerometer, dynamische krachtsensor, 
verplaatsingssensor) en verschillende meettechnieken met behulp van de 
hogesnelheidscamera (bv. digitale beeldcorrelatie) getest. De bekomen resultaten 
werden onderling vergeleken om ze te valideren. Bovendien vereiste de data-
acquisitie van deze hoog-frequente meetsignalen een speciale behandeling, dit in 
tegenstelling tot de quasi-statische metingen. Tot slot was het belangrijk om ervoor 
te zorgen dat alle signalen van de instrumentatie (inclusief de hogesnelheidsbeelden) 
dezelfde tijdsbasis deelden. 
Een uitgebreid experimenteel programma werd uitgevoerd en het grote aantal 
beschikbare meetsignalen voor elk proefstuk werd samen verwerkt en onderling 
vergeleken om zo de in de signalen voorkomende fenomenen correct te kunnen 
interpreteren. De resulterende versnellings- en snelheidsgrafieken bevestigden de erg 
stochastische aard van glasbreuk en de reproduceerbaarheid van de elastische 
glasreactie, die het elastische gedrag van glas voorzien van veiligheidsfilm compleet 
overheerst. Bovendien konden we uit de grafieken enkele belangrijke parameters 
afleiden die het impactgedrag van glas met veiligheidsfilm sterk beïnvloeden na 
glasbreuk. Zowel impact op de filmzijde (in plaats van op de glaszijde) en een 
hogere filmdikte verhoogden de weerstand van de film. De invloed van de filmdikte 
kon echter alleen onderscheiden worden voor impact met een impactor met zachte 
neus en niet met een harde neus. Bij impact van de impactor met harde neus op 
enkel de PET-film had de filmdikte daarentegen wel een beduidende invloed. 
De verschillende types uitgevoerde impacttesten werden gemodelleerd om te 
proberen de resultaten van het experimenteel programma te gebruiken om de eindige 
Dutch Summary 
 
vii 
elementen modellen van glas en PET-film te valideren onder dynamische 
omstandigheden. Het PET-film model gebaseerd op de statische trekproeven was 
reeds beschikbaar. Voor het glasmodel was het lineair elastische deel gebaseerd op 
de gekende elastische materiaaleigenschappen uit de literatuur en de uitbreiding 
voor schade was gebaseerd op de buigsterkte bepaald in onze statische 
axisymmetrische buigproef en een waarde voor de breukenergie uit de literatuur. 
Hoewel al deze impactmodellen, zowel voor glas als voor PET-film, realistische 
resultaten opleverden voor het elastische deel van de simulatie, dienen er enkele 
bemerkingen gemaakt te worden over de uitbreidingen van de materiaalmodellen om 
schade te kunnen opnemen. 
Voor de PET-film werd vastgesteld dat een beperkte fijnregeling van de parameters 
nuttig kon zijn om de invloed van de reksnelheid op de materiaalparameters in 
rekening te brengen. Voor het glas daarentegen waren de problemen groter en lag de 
oplossing minder voor de hand. Na een uitgebreide studie met verschillende versies 
van het schademodel konden geen bevredigende resultaten bekomen worden. Het 
feit dat het glasbreukmodel nooit volledig operationeel werd, was de grootste reden 
waarom we een compleet model van glas met veiligheidsfilm niet verder beoogden. 
 
Voor de grootschalige impactproeven volgens EN 12600 werden eerst alle 
tekortkomingen van de bestaande proefopstelling gedocumenteerd. Daaruit bleek dat 
de opstelling niet voldeed aan de vereisten van de norm en dat er grote problemen 
waren met de veiligheid, ergonomie en het gebruiksgemak voor de gebruikers. 
Daarom werden aanpassingen bedacht en uitgevoerd om deze problemen weg te 
werken. Dit omvatte de installatie van een volledig nieuw, pneumatisch aangedreven 
klemsysteem voor de proefstukken. 
De genormeerde calibratietesten toonden in de eerste plaats aan dat de opstelling 
voldeed aan de voorwaarden voor het horizontale rekbereik en net niet voor het 
verticale rekbereik, ondanks pogingen om de opstelling aan te passen om het 
voorgeschreven verticale rekbereik te halen.  
De instrumentatie bestond voornamelijk uit een gewone videocamera. Door de 
videobeelden van de impact numeriek te volgen kon de beweging van de impactor 
gereconstrueerd worden en zo kon het energieverlies van de impactor tijdens de 
impact bepaald worden. 
Een beperkt experimenteel programma leverde als belangrijkste resultaten (beelden 
van) breukpatronen van de proefstukken en het energieverlies van de impactor op. 
Net als in de kleinschalige valproeven met een impactor met zachte neus, hadden de 
filmdikte en in beperkte mate ook de zijde van de impact een beduidende invloed op 
het gedrag van glas met veiligheidsfilm bij grootschalige EN 12600 impact.  
Tot slot werd een eindige elementen model opgesteld van deze test om het eindige 
elementen model van glas met veiligheidsfilm te valideren onder grootschalige 
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impact. Aangezien er echter geen model van glas met veiligheidsfilm beschikbaar 
was, hebben we enkel geprobeerd om de twee belangrijkste aspecten van dit model 
te behandelen. Een model van de realistische randvoorwaarden van de glasplaat, 
geklemd tussen twee met rubber beklede klemkaders, werd opgesteld en leverde 
veelbelovende resultaten op. Het model van de luchtbanden van de impactor vereiste 
daarentegen nog verdere ontwikkeling. 
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Chapter 1 INTRODUCTION 
1. 1 SITUATION OF THE PROBLEM: IMPACT ON WINDOW GLASS 
FITTED WITH SAFETY WINDOW FILM 
1. 1. 1 What is safety window film? 
Safety window films are composed of layers of polyester film, laminated with 
adhesives. The resulting films have a mounting adhesive on one side and a 
protective, scratch-resistant coating on the other [1, 2]. 
 
Figure 1-1 Example of a clear Armorcoat safety window film from Bekaert Specialty 
Films [1]. 
In its basic version optically clear layers of polyester film are used (Figure 1-1). By 
replacing the clear polyester layers with tinted or reflective ones, a solar (heat) 
control version of safety window film is obtained [2].  
 
Safety window film is retrofitted on architectural as well as automotive window 
glass. In the latter applications the interest mostly gravitates towards the solar 
control versions of the safety window film [2].  
1. 1. 2 Goal of safety window film 
Safety window film helps hold the glass in place by retaining the glass fragments 
attached to its surface when incidents result in glass breakage [2]. In Figure 1-2 this 
functionality is illustrated by comparing the result after glass breakage for a window 
with and without safety window film. 
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Figure 1-2 Illustration of the effect of applied safety window film upon glass breakage 
[3]. 
In that way the window films first of all help to protect the people involved by 
mitigating the potential incurred injuries. In addition to this they also protect the 
inside of the building or car from the outside influences (elements of nature, 
burglars). 
 
The incidents which cause glass breakage include natural disasters (hurricanes, 
earthquakes), vandalism, smash and grab crime, explosions, bomb blasts and human 
impact (e.g. people walking into a pane of glass).  
 
In most of these events the actual breakage of the glass is caused by an impact of 
some sort. This impact on glass fitted with safety window film forms the scope of 
this PhD research. 
 
1. 2 JUSTIFICATION OF THE SUBJECT  
1. 2. 1 Industrial relevance 
The use of safety window film was introduced in the ‘70s by the British government 
as a protection against terrorist attacks [2]. Since then its use has broadened 
considerably. It has for instance been installed on many public buildings of which 
some are amongst the best protected in the world, e.g. the Capitol, the Pentagon and 
the FBI Headquarters in the US [1]. 
 
The main reasons for this are the increased (awareness of) threats of terrorist attacks 
and natural disasters (like hurricanes and earthquakes) and the unfavorable role glass 
plays in the sometimes extensive loss of life and property caused by these events [2]. 
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For instance the most usual causes of death in blast victims are the injuries caused 
by flying glass fragments [4]. Moreover, in architecture there unmistakably is a 
tendency towards using ever more glass. 
 
Despite the fact that safety window film has been used for such a long time and has 
passed several standard certification tests [1], the mechanisms and parameters 
determining its performance under impact are still poorly understood by industrial 
manufacturers [5]. 
 
It is for the above stated reasons that NV Bekaert SA, via its subsidiary Bekaert 
Specialty Films, an important manufacturer of safety window film, asked the 
Mechanics of Materials and Structures research group at Ghent University to 
conceive this PhD research project to obtain a fundamental understanding of how 
these safety window films work and of what parameters influence their impact 
behavior and in what way. 
1. 2. 2 Academic relevance 
From the argumentation expounded under 1. 2. 1 it is clear that the questions to be 
answered are beyond the scope of typical industrial research. 
 
A literature study revealed that on this subject very little to no research is available. 
In the little research that was found on glass impact nothing was found on the impact 
on the construction of glass fitted with safety window film.  
  
1. 3 OBJECTIVES 
The aim of this PhD research can be summarized in three objectives which are given 
below. 
1. 3. 1 Fundamental knowledge on impact and fracture behavior of 
window glass fitted with safety window film 
Key to this will be to understand the fracture mechanism of the window glass and 
how this fracture interacts with the safety window film attached to it by means of an 
adhesive. 
 
Finally we want to gain an insight in what parameters influence the impact behavior, 
in what way and what the underlying mechanisms are. We are especially interested 
in how the safety window film properties are linked to the performance under 
impact of the combination of the window glass fitted with safety window film. Note 
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that since the mechanical behavior is our main interest, temperature, strain rate and 
chemical effects in the broadest sense are precluded from this study.  
The basic constitutive materials of the construction of glass fitted with safety 
window film (glass, polyester film and adhesive) will first be characterized 
individually. This characterization of these materials is vital to be able to understand 
the contribution of the different basic materials to the impact and fracture behavior 
of the glass fitted with safety window film construction. In a next step this complete 
construction will then be characterized as a whole. 
For this purpose we will conduct an extensive range of experiments, static as well as 
dynamic, on the basic materials and combinations of these materials. 
1. 3. 2 Impact test setups 
For the dynamic characterization two impact test setups with full sensing 
capabilities will be realized: 
 Small-scale drop weight test setup: it will be based on an existing small-
scale drop weight setup, available at the Mechanics of Materials and 
Structures laboratory at Ghent University; it will be used for small-scale 
impact tests on the basic materials and their combinations. 
  EN12600 human impact pendulum test station: starting point will be a test 
rig put at our disposal by our industrial partner, Bekaert; it will be used for 
large-scale impact tests on glass fitted with safety window film. 
 
The results obtained from both these test setups will be used as input for the 
numerical simulation model.  
1. 3. 3 Numerical simulation model 
1. 3. 3. a Targeted features of the model 
Based on the experimental results obtained from the above mentioned research we 
will gain insight in the properties and behavior of the basic materials. This 
knowledge of these materials individually will enable us to numerically model them 
using finite element analysis.  
 
It should then be possible to build a finite element model of the mechanical behavior 
of the complete construction of window glass fitted with safety window film by 
combining the models of the three constitutive elements. 
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1. 3. 3. b Choice of finite element software 
In the very beginning of this work the choice was made between three commercially 
available finite element codes: LS-DYNA, Europlexus and Abaqus. After careful 
consideration it was decided to work with Abaqus.  
 
First of all this software offers two different modeling capabilities for the modeling 
of adhesive layers, namely cohesive elements (available via the user-friendly CAE 
environment,) and the cohesive surface behavior (which can only be used via the 
input code files) [6, 7]. 
 
Furthermore, Abaqus offers two complementary analysis products: Abaqus/Standard 
and Abaqus/Explicit [8]. Abaqus/Standard uses an implicit solving technique where 
at each solution increment the static system of coupled equations is solved. 
Conversely, in Abaqus/Explicit, explicit time increments are used. At each time 
increment the solution of the dynamic system equations is calculated based on the 
result from the previous time increment.  
They complement each other in the sense that the implicit solver of 
Abaqus/Standard is best suited to simulate (quasi-)static problems whereas the 
explicit solver of Abaqus/Explicit is the best option for modeling short, transient 
dynamic events, such as impact.  
 
Finally it is a widely used finite element code which is also used by our industrial 
partner Bekaert. 
 
1. 4 STRUCTURE OF THIS WORK 
In Chapter 2, starting from an overview of the complete glass fitted with safety 
window film structure, the three different basic constitutive materials are discussed 
separately. The known properties regarding their mechanical behavior relevant to 
our research are given and where appropriate the necessary choices concerning the 
materials to be tested are made. 
 
The next three chapters are devoted to the performed static characterization of the 
three basic materials. These are followed by two chapters which elaborate in detail 
on the conducted dynamic impact experiments on these basic materials and their 
combinations. 
 
The tests that were performed to assess the static mechanical behavior of glass are 
dealt with in Chapter 3. For the elastic properties resonance tests were conducted. 
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The strength properties were determined through four-point bending and 
axisymmetric bending tests.  
 
Chapter 4 elaborates on the tests performed to investigate the static mechanical 
behavior of the polyester film. First of all, the tensile properties tests are discussed 
from which we obtained the parameters needed to build an elastic-plastic material 
model of the film. Next, this statically calibrated material model is implemented in a 
finite element simulation of a static tensile test. Finally, two more types of tests are 
looked into, namely tear resistance and penetration resistance, conducted to simulate 
the conditions the film is exposed to when the glass, on which it is applied, breaks. 
 
An overview of the static characterization of the adhesive and more specifically of 
its adhesion characteristics is given in Chapter 5. To assess the adhesion strength of 
the adhesive between the polyester film and glass, two types of quasi-static tests 
were conducted: peel tests and shear tests.  
First of all the devised standard mounting procedures for applying the safety 
window film on glass are explained. Next the peel tests are dealt with, based on the 
results of which a decision was made on what standard mounting procedure would 
be used in the rest of this work. Subsequently, we discuss the performed shear tests. 
Finally the finite element model of the adhesive is described. It was calibrated based 
on the shear test results and validated by means of the peel test results.  
 
Herewith we end the discussion on the static characterization of the three basic 
materials. In the next two chapters the dynamic characterization is covered.  
 
Chapter 6 handles the small-scale dynamic characterization of the glass, the 
polyester film and the combination of glass fitted with a complete safety window 
film. For this purpose a new small-scale drop weight impact test setup was 
conceived, designed and realized. It was equipped with an extensive range of 
instrumentation. This makes up the first part of this chapter. The elaborate test 
program conducted on this test setup is discussed next. The final part of this chapter 
discusses the finite element simulations of these tests on glass and polyester film. 
 
After the small-scale impact tests, discussed in Chapter 6, there was a need to 
perform large-scale impact tests on real life size window glass fitted with safety 
film. These were performed on a pendulum impactor test rig in accordance with the 
EN 12600 standard. Our efforts to conduct these tests are summarized in Chapter 7. 
First we review the standard requirements. Next, the received test setup with its 
shortcomings is discussed, immediately followed by the implemented retrofit 
operation to resolve these issues. After reviewing the required calibration tests and 
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the implemented instrumentation, the performed tests are discussed. We conclude 
this chapter with the realizations in the finite element modeling of this test, intended 
for the large-scale validation of the finite element models of glass fitted with safety 
window film obtained in the previous chapters.  
 
In the last chapter an overview of the conclusions drawn from the whole of this 
work is given, followed by an outlook for the future research. 
1. 5 REFERENCES 
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Chapter 2 MATERIAL SELECTION AND BASIC 
MECHANICAL PROPERTIES 
In this chapter the three different basic constitutive materials are discussed, their 
basic mechanical properties are given and where appropriate the necessary choices 
concerning the materials to be tested are made. 
 
We start with an overview of the complete glass fitted with safety window film 
structure in 2. 1. Next, the relevant aspects of the first basic material, glass, are 
thoroughly discussed (2. 2), followed by a look into the structure of the safety 
window film itself (2. 3). Here the two other basic materials are found, PET-film (2. 
3. 1) and pressure sensitive adhesive (2. 3. 2). Finally, in the conclusion (2. 4) the 
made decisions about the materials to be tested are summarized. 
2. 1 GLOBAL STRUCTURE OF THE CONSTRUCTION OF GLASS 
FITTED WITH SAFETY WINDOW FILM  
In Figure 2-1 we observe the basic constitutive materials of the construction of glass 
fitted with safety window film (SWF) [1]. 
 
Figure 2-1 Typical example of a glass + safety window film construction [1]. 
As all of these constituents will contribute to the behavior of the glass fitted with 
safety window film construction as a whole in their own characteristic fashion, it is 
vital to study all of them separately. 
 
They will be discussed in detail in the following paragraphs: 
 Glass: discussed in 2. 2 
 
glass 
PET 
HCPSA
SWF 
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 Safety window film (SWF), consisting of the two other basic constitutive 
materials, namely pressure sensitive adhesive (PSA) and polyethylene 
terephthalate (PET) film, and with a hard coat (HC) applied to its outer 
surface: discussed in 2. 3 
 
2. 2 GLASS 
First an overview of the used glass sheet terminology is given (2. 2. 1). After 
narrowing down our discussion to float soda lime silicate glass (2. 2. 2), we touch 
upon its production process (2. 2. 3) and the resulting important influence of the air 
and tin surface (2. 2. 4). Next the relevant properties valid for float soda lime silicate 
glass in general are elaborated on (2. 2. 5). Then, we discuss the different types of 
float soda lime silicate glass with their specific properties (2. 2. 6), with special 
attention for the annealed version. We conclude with the most important aspects of 
the glass processing operations (2. 2. 7), cutting and side finishing, and finally an 
overview of the most common window glass constructions (2. 2. 8). 
2. 2. 1 Terminology 
To avoid confusion the terminology stated in DIN 1249-11 [2] will be adopted in the 
whole of this work. It is illustrated in the following sketch (Figure 2-2). 
 
 
Figure 2-2 Glass sheet terminology [2]. 
2. 2. 2 Float soda lime silicate glass: definition and chemical 
composition 
Glass is an inorganic amorphous solid, which is obtained by cooling its molten, 
liquid phase in such a way that it solidifies without crystallization [3, 4]. 
 
Various types of glass can be distinguished based on the chemical composition, the 
most common one being soda lime silicate glass [4]. Its chemical composition by 
mass proportion according to EN 572-1 [5] is given in the following table (Table 
2-1). 
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Table 2-1 Chemical composition of soda lime silicate glass [5]. 
Silicon dioxide (SiO2) 69% to 74% 
Calcium oxide (CaO) 5% to 14% 
Sodium oxide (Na2O) 10% to 16% 
Magnesium oxide (MgO) 0% to 6% 
Aluminum oxide (Al2O3) 0% to 3% 
Others 0% to 5% 
 
The term float, finally, indicates that the glass has been produced using the float 
glass production process (2. 2. 3) resulting in parallel and smooth surfaces [5]. 
 
We only consider float soda lime silicate glass in this work. Therefore, when we use 
the term ‘glass’ it will always be implied that it is ‘float soda lime silicate glass’. 
2. 2. 3 Glass production: float glass process [3, 4, 6] 
In this continuous process the raw ingredients for soda lime silicate glass (soda, 
lime, silica sand and other materials used for heat absorbing or tinted glass when 
desired) are weighed and mixed with broken glass into batches. The mixed batch is 
heated in special furnaces into a molten mass, which is then floated onto a tin bath 
where the ribbon of float glass is pulled (or drawn) through the bath. The glass 
ribbon then enters an annealing lehr where it is very slowly and carefully cooled in a 
precise, uniform manner. The ribbon of glass emerges as annealed glass from the 
lehr, and continues through a cooling process to be prepared for cutting, packing and 
shipping. This annealed float glass is the predominant base product used to fabricate 
all types of glass used in architectural and automotive applications. 
2. 2. 4 Influence of air /tin surface 
As explained in 2. 2. 3, during the production of float glass, one side of the molten 
glass ribbon comes into contact with a bath of molten tin. As a result a significant 
amount of tin (oxide) diffuses into this surface of the glass [7, 9]. This surface of the 
glass is identified as the tin surface. It is also this surface that comes into contact 
with the transport rollers supporting the glass ribbon on its path through the rest of 
the float glass production process. The opposite side of the glass is denoted as the air 
surface. 
 
According to literature [8, 9, 10] the tin side surface has lower strength than the air 
side surface. This is caused by the presence of larger surface flaws (2. 2. 5. b), 
presumably due to contact damage induced by the rollers supporting the glass at its 
tin surface as it exits the floating bath.  
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It also has an influence on adhesive bonding [11].  
 
The presence of the tin is invisible to the human eye. It can be made visible with 
commercially available tools based on UV light, e.g. the tin side detector TS1300 by 
EDTM, Inc. [12]. Its lamp emits short wave UV (UVC) light which causes the tin to 
fluorescence at a frequency that is visible to the human eye. When the TS1300 lamp 
is placed on the tin side surface, the tin will fluorescence and produce a milky white 
image whereas, when it is placed on the air side surface, only the violet gleam of the 
UV lamp will be visible. 
2. 2. 5 Physical and mechanical properties glass in general  
A broad consensus is found in literature [5, 7, 13] for the mass density: 2500 kg/m³.  
 
For the mechanical properties distinction is made between the elastic and the 
strength properties. 
2. 2. 5. a Elastic properties 
Glass is a homogeneous isotropic material with almost perfect linear elastic behavior 
over its tensile strength range [14]. Therefore its elastic behavior is characterized by 
two parameters, Young’s modulus (E) and Poisson’s ratio (ν).  
Table 2-2 Elastic properties of glass. 
Reference E [GPa] ν [-] 
EN 572-1 [5] 70 0.2 
DIN 1249-10 [13] 73 (for annealed), 70 (for tempered)  0.23 
EN 1288-1 [14] / 0.23 
2. 2. 5. b Strength properties 
Glass has a very high compressive strength, with typical values ranging from 700 to 
900 MPa [13]. Theoretically, based on its molecular structure, this would also be the 
case in tension [3, 7, 14]. However, already before any kind of loading, 
stochastically distributed flaws are present on the surface. As these cause stress 
concentrations under tensile stress, they act as weaknesses which serve as nucleation 
sites for cracks. When a critical stress is reached, critical crack growth occurs at a 
propagation speed of about 1500 m/s, which results in almost immediate failure of 
the glass. This considerably lowers the tensile strength (flexural (bending) strength 
is commonly used as a measure for this as a classical tensile test for brittle materials 
is difficult to conduct). Consequently glass always fails under tensile stress.  
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Influencing factors on glass flexural strength  
In EN 1288-1 [14] a comprehensive overview of the influencing factors on the 
flexural strength of glass is given.  
Surface condition  
The influence of the surface condition is twofold. First, the more prevalent and 
larger the surface flaws, the lower the flexural strength. This is due to the notch 
action of the surface flaws as explained in the previous point. 
Secondly, residual stresses, either intentionally imparted (e.g. compressive prestress 
as is applied in tempered glass (2. 2. 6. c)) or unintended, resulting from production, 
influence the flexural strength as well.  
Stresses surface area 
Because it is more likely to find a major/ critical, and thus crack initiating, flaw in a 
large surface than in a small one, the flexural strength decreases with increased 
surface area [7, 15].  
Ambient medium 
The ambient medium, more specifically the humidity, also influences the flexural 
strength. This is because the presence of water results in a modification of the 
molecular structure of the glass at the surface. This phenomenon is called water 
corrosion [3, 7].  
 
This can result in faster breakage. The water corrosion process at a crack tip, which 
is accelerated by tensile stress, leads to slow crack growth. As a result breakage 
occurs at a lower stress for the same duration of loading and in a shorter time for the 
same applied stress. This phenomenon is known as stress corrosion or static fatigue 
[3, 7, 16].  
 
However it can also lead to a so-called healing effect [7, 14]. When not subjected to 
stress, the crack tips of surface flaws can be rounded by water corrosion, thus 
reducing the stress concentration effect. In that way the glass strength will increase 
as time elapses (ageing). 
Age 
This is due to the healing effect of water corrosion on glass surface flaws as 
explained in the previous point. As glass in realistic conditions will not be loaded 
immediately after processing and handling actions (cutting, finishing, transport etc.), 
all of which introduce surface damage, EN1288-1 [14] advises to leave enough time 
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(at least 24 h) between specimen preparation and testing. This permits the glass 
damage caused by the specimen preparation to heal before actual testing.  
Rate and duration of loading 
Depending on the loading rate two different cracking regimes can be distinguished 
[17, 18, 19, 20, 21]. They are explained below. 
  
Weakest link regime  
If a brittle material is loaded at a relatively slow rate a single dominant crack is 
nucleated from the most critical flaw, the so-called weakest link, followed by 
catastrophic growth leading to failure of the whole body. A consequence of the 
growth of this dominant crack is that other potential crack nucleation sites are 
unloaded, thus preventing other cracks from forming. This is the so-called shielding 
or obscuration effect [19]. In this way the material failure is due to a single crack or 
a small number of cracks, the nucleation of which depends on the stochastically 
distributed surface flaws as mentioned above. This results in a stochastic fracture 
behavior, thus rendering the flexural strength to be a highly stochastic quantity with 
inherently large spread/dispersion [18, 19, 20, 21] Therefore when testing glass 
many specimens are needed [3, 14]. 
Within this loading rate range, the glass will break at a lower stress as the loading 
rate decreases [7]. This is due to slow crack growth, caused by chemical processes at 
the crack tip, mainly stress corrosion as explained under Ambient medium [3].  
 
Multiple fragmentation regime 
When a brittle material is subjected to a high rate of loading, large stresses are 
achieved in a relatively short time. As a result multiple cracks can nucleate before 
the effect of any one of the formed cracks has time to unload a significant portion of 
the surrounding material by means of stress waves. These cracks propagate 
simultaneously in the material, ultimately coalescing and leading to complete 
fragmentation of the material. Because numerous cracks are involved in the failure 
process, there is an averaging effect which smoothens down the intrinsic 
stochasticity of the material defects. This results in a higher and less stochastic 
strength [18, 19, 20, 21]. 
Temperature 
Within the normal range of temperatures glass is exposed to in buildings, the effect 
is not very significant but to avoid any complications, testing should be done in a 
limited temperature range [14]. 
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Statistical distribution of the flexural strength 
As explained above (Rate and duration of loading) in the slow loading rate regime 
the flexural strength is a highly stochastic quantity due to the fact that failure of the 
whole occurs as soon as the weakest link fails. Based on this weakest link principle, 
it is common practice to assume a Weibull statistical distribution for the flexural 
strength of glass [7, 9, 15, 22].  
However, the uncritical use of the Weibull distribution has been questioned for 
brittle materials in general [23, 24] as well as for glass specifically [25, 26, 27, 28]. 
 
Therefore on our glass test results the Weibull distribution was not applied. We used 
sample means and standard deviations for comparing our test results as it was also 
done by Veer et al. [27]. However, this in no way implies that we assumed a normal 
distribution for these experimental results. It just provided us with a standardized 
means of comparison.  
2. 2. 6 Types of glass 
There are 4 types of float soda lime silicate glass [6]: 
 Annealed float glass 
 Heat-treated glass 
 Tempered glass 
 Chemically strengthened glass 
The first three are categorized by the amount of heat and cooling used in the 
manufacturing process. Generally speaking, a higher temperature coupled with a 
more rapid cooling rate in the production process will produce glass that is stronger. 
The last one is strengthened by using a chemical process. 
2. 2. 6. a Annealed glass 
Annealed float glass is manufactured in the process described in 2. 2. 3 [6]. This 
results in a very flat glass product with nearly distortion-free, parallel surfaces. 
Because it is cooled very slowly in an annealing lehr the residual stresses are 
minimized.  
It is the most common type of glass found because of its lower production costs and 
ability to be easily cut (on-site if necessary) to fit any particular glazing unit. 
 
Fracture patterns 
Since annealed glass has a minimum amount of residual surface compression, it is 
subject to easy breakage. When this type of glass breaks, it does so in a highly 
irregular pattern. Nevertheless, depending on the cause of fracture and the boundary 
conditions, some typical fracture patterns can be distinguished [3, 35, 36].  
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A few examples are shown in Figure 2-3. When failure occurs due to a uniform 
load, e.g. wind or bomb blast load, and the glass is supported at its four edges, this 
results in an irregular overall fracture pattern (Figure 2-3 part 1). Figure 2-3 part 2 
shows the typical pattern originating from a uniform load but with only two opposite 
edges supported, which leads to simple bending. 
   
(a) (b) (c) 
Figure 2-3 Fracture patterns for different loading cases: (a) uniform load four edge 
supported, (b): simple bending, (c): concentrated impact load [35]. 
Fracture due to a concentrated impact load, independent of the boundary conditions, 
usually shows radial and concentric fracture lines centered around the point of 
impact (Figure 2-3 c and Figure 2-4). Noteworthy is the fact that the radial fracture 
lines are formed first and are initiated at the surface opposite to the impact (Figure 
2-4). The concentric fracture lines, however, which are formed later on, are initiated 
at the impacted surface [37, 38].  
  
Figure 2-4 Radial versus concentric fracture [37]. 
From the above we can conclude that, whatever the specific fracture pattern may be, 
annealed glass always breaks in many small and large, sharp, irregular-shaped 
shards. Moreover, depending on the cause of glass breakage, these jagged pieces of 
glass can be propelled at high speeds, and are capable of producing serious injuries 
and even death (particularly in cases of explosions, earthquakes, and severe wind 
storms) [6]. 
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Because of this inherently dangerous fracture behavior of annealed glass in 
combination with the fact that is so commonly used, this is the type of glass to 
which safety window films are most likely to be applied and on which we will focus 
our research. 
 
Building vs. automotive glass 
The minimum quality requirements for annealed glass for use in buildings are 
specified in EN572-2 [31]. A characteristic value for the flexural strength of this 
type of annealed glass is given in EN 572-1 [5] and DIN 1249-10 [13]: 45 MPa. 
Note that this is a 5% fractile value with a 95% confidence level, not an average 
value. 
 
Annealed glass for use in automotive applications, on the other hand, has to comply 
with requirements which are specified by each car manufacturer individually [33]. 
An example of such specifications can be found in the Volkswagen TL 957 standard 
covering the quality requirements for glass [32]. These requirements are stricter than 
for building glass as can be seen by comparing the quality requirements (e.g. the 
allowed number and size of spot faults) stated in the Volkswagen TL 957 standard 
with those from EN572-2. No specific values for the flexural strength are stated in 
the TL 957 standard. However, since one of the factors influencing the flexural 
strength is the surface condition [14], it can be expected that automotive annealed 
glass with its stricter requirements and thus lower spread for the surface condition 
will exhibit a lower dispersion of the flexural strength. 
2. 2. 6. b Heat-treated glass [3, 6, 34, 36] 
Heat-treated or heat-strengthened glass is produced by reheating annealed float 
glass. Subsequently it is cooled at a rate higher than for annealed glass but slower 
than for tempered glass. The result is a product that has precompressed outer 
surfaces (with compensating tensile residual stress on the inside) and is thus more 
resistant to breakage than annealed glass. The flexural strength amounts to 70 MPa 
(5%-fractile) [3]. However, it still breaks into sharp shards, similar to those of 
annealed glass. 
2. 2. 6. c Tempered glass [3, 4, 6, 34, 36] 
Tempered or toughened glass is a type of glass that is the result of a similar 
production process as for heat-treated glass but with a higher cooling rate. This 
results in higher compressive prestress in the surfaces than for heat-treated glass. 
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This prestressing has two benefits. First, the glass is much stronger: the flexural 
strength amounts to 120 MPa (5%-fractile) [13]. And secondly, when the glass is 
fracturing, it breaks into small, relatively blunt, cubical pieces as opposed to the 
larger, sharp-edged shards resulting from the breakage of annealed glass. This is a 
major safety benefit, e.g. in high-risk areas for accidental human impact glass 
breakage. It also makes this type of glass an unlikely candidate for safety window 
film application. 
 
Disadvantages of both forms of thermally prestressed glass, heat-treated and 
tempered glass, are the higher production cost in comparison with annealed glass 
and the fact that they cannot be cut, re-sized or drilled [3, 6]. These glass types must 
be manufactured to the dimensions of a specific glazing unit. 
2. 2. 6. d Chemically strengthened glass [3, 6, 7, 34]  
This last type is obtained by submerging annealed glass into a bath of molten 
potassium salt at temperatures below normal annealing. This environment causes the 
sodium ions of the glass to be replaced by potassium ions. Due to the fact that the 
potassium ions are bigger than the original sodium ions compressive stresses are 
introduced into the outer layer of the glass. This results in a flexural strength of 150 
MPa (5%-fractile) [3] but the breakage mode remains similar to that of annealed 
glass [6, 34]. In general this type of glass is not used as window glass [6, 34] which 
makes it unlikely to be used in conjunction with a safety window film. 
2. 2. 7 Glass processing 
2. 2. 7. a Cutting to size 
The normal procedure to cut glass is first scoring the surface using a diamond wheel 
and subsequently breaking it along this groove (Figure 2-5).  
 
Figure 2-5 Glass cutting [3]. 
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The damage introduced at the sides by this cutting process significantly influences 
the glass strength [3, 33]. Moreover, this introduced damage is not symmetrical with 
respect to the glass middle surface [3] as illustrated in Figure 2-6. The largest 
damage occurs at the cutting surface edge of the cutting side. 
 
Figure 2-6 Typical damage arising at glass side due to cutting (cutting surface is facing 
upwards) [3]. 
This means that the glass flexural strength, determined through four-point bending 
(so including the edge influence), also depends on the orientation of the glass with 
regard to its cutting surface [14, 39].  
 
This is corroborated by three-point bending results from Veer et al. [22]. They report 
a lower flexural strength when the cutting surface is put under tension. However, 
they do not contribute this observation exclusively to the damage introduced by the 
cutting process. 
 
The diamond wheel carving can be done on the air surface as well as on the tin 
surface. We will denote this as the ‘cutting surface parameter’. In normal practice 
cutting on the air surface is always used because glass is delivered to glass 
processors with this surface facing upwards [33]. 
 
Other possible cutting techniques are waterjet and laser cutting [3]. These result in 
less damage at the cutting sides. 
2. 2. 7. b Side finishing 
There are different standards available which deal with glass side finishing, e.g. DIN 
1249-11 [2] and NEN 1303 [40] for use in buildings and SAE J673 [41] for 
automotive applications. 
 
The types of side finishes as stated in DIN 1249-11 [2], which will be adopted 
throughout this work, are given in Table 2-3. 
  
Study of Impact on Window Glass Fitted with Safety Film 
 
20 
Table 2-3 Types of side finishes according to DIN 1249-11 [3]. 
Type Description Sketch 
(Raw) 
cut * 
Unfinished side, resulting 
from the cutting process as 
described in 2. 2. 7. a. The 
edges of this side are sharp. 
Transverse, wavy lines 
(called Wallner lines) are 
visible. 
 
Trimmed The edges of the side are 
chamfered by grinding. 
 
Rough 
ground 
The surface of the side is 
ground. Shiny spots are 
permissible. The edges can 
be chamfered or not. 
 
Fine 
ground 
The surface of the side is 
ground completely flat. As a 
result it has a matt 
appearance without any 
shiny areas. The edges can 
be chamfered or not. 
 
Polished After being ground this side 
undergoes a final finish by 
polishing.  
 
*: Here we prefer to use the term ‘raw cut’ instead of simply ‘cut’ as done in the 
standard. This is to avoid confusion, since actually all of the above types are 
produced by cutting as described in 2. 2. 7. a. 
 
The side finishing is important to take into account because it can considerably 
influence the glass flexural strength [22, 33]. 
 
In our research we mostly used raw cut glass specimens as this is the most common 
side finishing used for architectural window glass. In addition to this, some tests 
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were performed on trimmed specimens as well as on rough ground specimens with 
chamfered edges. 
2. 2. 8 Types of glass constructions 
The most common types of glass constructions for architectural applications [6] are 
 Monolithic glass  
 Insulated glass  
 Laminated glass 
2. 2. 8. a Monolithic glass 
Monolithic glass is the simplest glass (window) construction type. It consists of a 
single flat pane of glass. It can be annealed, heat-treated or tempered. Much building 
glass in use today is annealed, monolithic glass.  
2. 2. 8. b Insulated glass 
An insulated glass unit (IGU) consists of at least two panes of glass separated by an 
airspace of constant thickness. The purpose of the airspace is to reduce heat transfer 
by conduction and convection through the glass. In some IGUs the air is replaced by 
an inert gas to further reduce the heat transfer. The glass panes used are generally 
annealed. Insulated glass is the predominant glass construction type used for 
architectural applications today. 
2. 2. 8. c Laminated glass 
Laminated glass features at least two panes, of which at least one is made out of 
glass, held together over the whole of their surface by an adhesive [42].  
 
Its most significant benefits are safety related. After it is broken the glass fragments 
are held together and it also maintains its structural integrity. Thus, it provides 
protection quite similar to, or even exceeding that of glass fitted with safety window 
film. Therefore this type of glass will generally not be fitted with safety window 
film. 
 
2. 3 SAFETY WINDOW FILM (SWF) 
In Figure 2-7 we show the basic constituents of safety window film [1]: 
 Polyethylene terephthalate (PET)-film: a thermoplastic polyester film 
which absorbs the energy by plastic deformation after glass breakage. It 
also catches the glass fragments if they are blown inwards. Further 
information will be given in 2. 3. 1. 
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 Pressure sensitive adhesive (PSA): distinction is made between two types, 
namely mounting and basic PSA, as will be further discussed in 2. 3. 2. b. 
 
Figure 2-7 Typical example of safety window film construction [1]. 
In addition to these basic constitutive materials two more layers are visible: 
 Hard coat (HC): scratch resistant coating. More details will be discussed in 
2. 3. 3. 
 Removable release liner: its only purpose is to protect the PSA and prevent 
it from unwanted sticking. As this part is removed before the installation of 
the safety window film onto the glass, it has no influence whatsoever on the 
(mechanical) behavior of the glass fitted with safety window film 
construction and will therefore be disregarded in the rest of this work. 
 
As one can see in Figure 2-7 such a finished good safety window film can consist of 
several PET-film layers, resulting in a multiply film construction. However, also 
monolithic single-ply constructions are used (Figure 2-1).  
 
A complete safety window film construction, meaning a PET film layer (or in case 
of multiply film constructions a series of PET film layers with basic PSA in 
between) with HC on one side and mounting PSA on the opposite side, will be 
referred to by the term finished good (FG) in the description of the test materials to 
clearly make the distinction with incomplete safety window film constructions. 
From Chapter 6 on we can simply use the term ‘safety window film’ to denote such 
a complete safety window film construction because from then on no more 
incomplete SWF constructions were considered. 
 
  
PET 
hard coat mounting PSA 
safety window film 
   
removable 
release liner 
basic PSA 
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To avoid further complicating the task of assessing the contribution of the different 
basic constitutive materials to the behavior of the complete glass + SWF 
construction, all tests described in this work (with the exception of those for EN 
12600 (Chapter 7)) only concerned the simplest single-ply (monolithic) safety 
window film constructions. This was true for both the incomplete as well as the 
finished good safety window film constructions.  
 
The mounting of the safety window film is dealt with in 2. 3. 4. 
2. 3. 1 PET-film 
PET-film is produced in a continuous extrusion process [43]. As a result PET-films 
are highly anisotropic materials with properties substantially differing between the 
machine (MD) and the transverse direction (TD). Moreover, this continuous 
production process requires the production to be organized in different production 
runs (e.g. for different thicknesses). This results in different batches of the same 
material with sometimes differing properties. 
 
The thickness of a PET-film is generally expressed in ‘mil’ [6]. This a non-SI unit of 
length, defined as one-thousandth of an inch and thus equal to 25.4 μm. As safety 
window films are always referred to by means of the thickness of their PET-film 
layer(s), expressed in mils, we will do the same in this work for convenience. The 
conversion between the commonly used film thicknesses in mils and SI units, more 
specifically μm, is given in Table 2-4. 
Table 2-4 Film thickness conversion table. 
Film thickness in mils [mil] Film thickness in microns [μm] 
3 76.2 
4 101.6 
7 177.8 
8 203.2 
10 254.0 
14 355.6 
 
The mechanical properties of the used PET-films were looked up in the data sheet of 
the safety window film manufacturer, Bekaert Specialty Films [44]. 
Table 2-5 Mechanical properties of the used PET-film [44]. 
E 
[GPa] 
ν [-] Yield strength 
[MPa] 
Tensile strength 
[MPa] 
Fracture strain 
[%] 
3800 0.38 100 200 >100 
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For the mass density of PET-film the following guiding values were found in 
literature (Table 2-6). 
Table 2-6 Mass density values for PET-film. 
Reference 
Mass 
density 
[kg/m³] 
[45] 1380 
[4] 1350 
2. 3. 2 Pressure sensitive adhesive (PSA) 
2. 3. 2. a PSA: definition and basic properties 
The used pressure sensitive adhesive is the AROSET PS-6068 produced by Ashland 
Specialty Chemical Company. According to the data sheet of the supplier it is a self-
crosslinking acrylic polymer of which the density amounts to 900 ± 30 kg/m³ [46]. It 
is applied on the film using web coating and laminating lines [47]. 
 
To quantify the amount of PSA the standard measure used in the safety window film 
industry (in general in the adhesive coating industry) is pounds per ream (lbs/rm). 
Herein 1 lbs = 1 pound = 0.454 kg and 1 rm = 1 ream = 3000 square feet = 278.7 m². 
Consequently 1 lbs/rm = 0.00163 kg/m². 
2. 3. 2. b Types of PSA 
As shown in Figure 2-7 two versions of the PSA are used in a typical safety window 
film construction, namely basic and mounting PSA [1]. Essentially, the only 
difference between these two types of PSA is the presence of a UV absorber agent 
which does not affect the mechanical properties. Hence, in our research we only 
performed tests on mounting PSA. 
This mounting PSA is used for installing the film on the window. To prevent the UV 
radiation from degrading the PET-film as well as the basic PSA layers, in this PSA 
version a UV absorber is incorporated and the film is applied to the inner side of the 
window. In this process of protecting the window film itself the UV absorber also 
provides protection for the inside from harmful effects of UV radiation (e.g. fading 
of fabrics). 
The basic PSA on the other hand is used for bonding the stack of PET-layers 
together. It does not contain a UV absorber. 
 
The used layer thickness for both these PSA types amounts to approximately 20 μm 
[1]. 
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2. 3. 3 Hard coat (HC) 
The hard coat is a protective scratch resistant coating applied to the surface of the 
PET film to ensure the optical quality of the film surface [44]. This is performed in a 
process involving a drying (at 65°C) and a UV-curing step during both of which the 
film is exposed to a considerably high temperature [1, 47]. This high-temperature 
exposure is suspected to change the mechanical properties of the PET-film. 
 
Since the hard coat has no mechanical properties of its own but only influences the 
properties of the PET onto which is applied, it is not considered as a basic material. 
Its potential influence on the different properties of the PET film, however, will be 
taken into account throughout this research and will be properly addressed. 
2. 3. 4 Mounting 
No commonly accepted best practice procedure was available for mounting the 
safety window film at the beginning of this PhD [43].  
 
It basically consists of two stages: lamination and curing. 
2. 3. 4. a Lamination 
For the lamination of the film on glass two basic techniques exist: dry and wet 
lamination [43]. The essential difference between the two lies in the fact that for dry 
lamination the film is put directly onto the glass resulting in immediate adherence, 
thus no possibility to reposition the film.  
 
For wet lamination on the other hand the PSA of the film is first moisturized with a 
laminating solution so that it can be floated onto the glass surface. In this way the 
film can still be positioned on the glass surface until it is squeegeed, meaning that 
the majority of the laminating solution water is squeezed out by means of a squeegee 
tool. 
 
Figure 2-8 Squeegeeing. 
Study of Impact on Window Glass Fitted with Safety Film 
 
26 
For the application of the safety window film in the field always wet lamination is 
used. In a laboratory environment, however, mostly dry lamination is used because 
it is more straightforward. Moreover, the curing times (2. 3. 4. b) can be lower. 
 
A clean environment and a clean substrate are indispensable for both lamination 
techniques. 
 
An important parameter for wet lamination is the laminating solution. This 
laminating solution is made from water and a detergent. The purpose of the added 
detergent is to lower the surface tension of the water to increase the degree of 
wetting. Its variables include the type of water (demineralized or not), the type of 
detergent and its concentration. 
 
Laminating pressure is a parameter to be considered for both lamination techniques. 
For dry lamination it is common practice [48, 49, 50] to use a standardized hand 
roller (Figure 2-9). This consists of a steel roll with standardized dimensions, 
covered with rubber with standardized thickness as well as hardness. The whole 
roller, finally, has a standardized mass. All these properties lead to a standardized 
laminating pressure 
 
Figure 2-9 Hand roller [50]. 
For wet lamination on the other hand not only the laminating pressure matters. It is 
above all the way it is exerted which is important. An appropriate tool, a so-called 
squeegee (Figure 2-8), has to be used. 
2. 3. 4. b Curing 
Curing is the process in which the adhesive bond between PSA and glass develops 
until full adhesion is attained [43]. Because in the case of wet lamination inevitably 
some mounting solution water will remain behind after squeegeeing, this curing 
process also comprises the evaporation of the residual water.  
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There are 2 important parameters involved which determine the curing process: 
curing time and temperature. Within certain limits both of them increase the 
adhesion. 
 
Consequently, there is a trade-off possible between these two parameters. However 
limitations apply. To safeguard the mechanical properties of the PET-film the curing 
temperature cannot exceed a certain level. Furthermore, in combination with wet 
lamination, curing at too high temperatures is known to cause the formation of 
bubbles. 
 
Since for wet lamination the mounting solution water has to evaporate through the 
film (by diffusion) the curing process will typically take a longer time than for dry 
lamination. Some guiding values for the curing time at room temperature in case of 
wet lamination are stated in a standard published by the International Window Film 
Association [51] (Table 2-7).  
Table 2-7 Typical curing times according to IWFA [51]. 
Film thickness [mil] Typical curing time [days]
up to 4 30
4 to 8 60
8 to 12 100
12 to 17 140
 
2. 4 CONCLUSION 
In general in this research we only performed tests on annealed float (soda lime 
silicate) automotive monolithic glass in 4 and 6 mm thickness. The glass specimen 
cutting and side finishing (mostly raw cut) were performed by our supplier, Soliver, 
all by machine (not manually). With regard to the safety window film we used 
single-ply constructions. The used film thicknesses were 3, 4 and 7 mil. 
To these general rules one major exception had to be made for the EN 12600 tests 
(Chapter 7).  
 
For the procedure to mount the safety window film no decision could be made yet at 
this point because no best practice mounting procedure was available. 
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Chapter 3 STATIC CHARACTERIZATION OF GLASS 
In this chapter the tests that were performed to assess the static mechanical behavior 
of glass will be discussed. For the elastic properties (Young’s modulus and 
Poisson’s ratio) resonance tests (3. 1) were conducted. The strength properties were 
determined through four-point bending (3. 2) and axisymmetric bending (3. 3) 
3. 1 RESONANCE TESTS 
To determine the elastic properties non-destructive resonance tests were performed 
on 4 mm thick rectangular plates sized 300 by 200 mm at the Free University of 
Brussels (VUB). Based on the measured resonance frequencies the elastic material 
parameters were determined through inverse modeling. At the origin of this method 
[1] lies the fact that elastic structures have a characteristic set of resonance 
frequencies, determined by the geometry, boundary conditions, the density and the 
elastic parameters of the used materials. So, if the geometry, boundary conditions 
and the density of the materials are known and implemented in a finite element 
model, the elastic material parameters can be found by iteratively updating them in 
this model until the computed frequencies match the measured frequencies. 
 
Assuming orthotropic behavior for reasons of generality and a plane stress state 
because of the relatively small thickness of the specimens, this yielded the following 
results: 
E1 = 74.12 GPa  
E2= 74.24 GPa  
ν12= 0.23  
G12= 29.85 GPa 
Herein E1 and E2 are the Young’s moduli in the two mutually perpendicular in-plane 
directions corresponding with the edges of the plate. ν12 and G12 are respectively the 
Poisson’s ratio and the shear modulus in this plane. 
 
From this we can immediately conclude that the tested glass behaves (quasi-) 
isotropically. Also the values resemble those found in literature (2. 2. 5. a) quite 
well.  
 
3. 2 FOUR-POINT BENDING  
This test was conducted to examine the fracture behavior and the flexural strength of 
glass, taking into account the edge effects. 
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3. 2. 1 Standard tests 
We looked into standards describing a four-point bending test to determine the 
flexural strength of glass. Below we briefly describe the European standard EN 
1288-3 and its American counterpart ASTM C 158-02.  
3. 2. 1. a EN 1288-3 [2] 
According to the European standard EN 1288-3, by a four-point bending test (Figure 
3-1) the flexural strength (= bending strength) can be determined, including the 
effect of the edges. Indeed, over the central span delimited by the bending rollers, 
the bottom surface of the specimen as well as its longitudinal edges are subjected to 
the same maximum longitudinal stress, which based on simple beam theory is 
assumed to be uniform and uniaxial.  
 
Figure 3-1 Four-point bending test geometry according to EN 1288-3 [2]. 
The dimensions of the glass specimens are prescribed as 1100 mm by 360 mm. To 
hold together the glass fragments and facilitate the determination of the fracture 
origin, an adhesive film is fixed to the surface of the specimen facing the bending 
rollers. 
 
The load rate is specified as 2 MPa/s. 
 
The flexural strength σbB for a rectangular cross section is calculated in accordance 
with the following equation: 
 bG
bs
bB bh
LLFk σσ +−= 2max )(2
3
 (3.1) 
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With Fmax the maximum force, b the width of the specimen and h, Ls and Lb as 
indicated on Figure 3-1. σbG, the bending stress imposed by the weight of the 
specimen is given by: 
 
h
gLs
bG
2
4
3 ρσ =  (3.2) 
The factor k is introduced to take into account the fact that for the rather wide beams 
(l/b approx. 3) used in this test, simple beam theory is no longer applicable and the 
longitudinal stress can no longer be regarded as uniform across the width. 
For calculating the overall flexural strength of the surface defined by the bending 
rollers, including its longitudinal edges, the value k=1 shall be used.  
For calculating the flexural strength of the edges of the glass, only those specimens 
of which fracture initiates from the edge shall be taken into consideration. Then, the 
factor k depends on the deflection of the specimen at its centre. This central 
deflection, y, can be determined by direct measurement, or calculated with sufficient 
accuracy with a formula. The appropriate value of k shall then be obtained from a 
curve, as a function of the value of y/h and ranges between 0.94 and 1.12. 
3. 2. 1. b ASTM C158-02 [3] 
ASTM C158-02, like EN1288-3, describes a standard test method for the flexural 
strength of glass based on four-point bending. So again the edge influence will be 
included, as in 3. 2. 1. a. The test setup, however, differs from that of the European 
standard. The support and the indentor consist of pivoting cylindrical edges (with 
approximately 3 mm radius) and no rubber strips are used (Figure 3-2). 
 
Figure 3-2 Four-point bending test geometry according to ASTM C158-02 [3]. 
In addition to this, the dimensions are much smaller. The loading edges are set to a 
distance of 100 mm while the bearing edges have a 200 mm separation. The size of 
the glass specimens is prescribed as 250 mm by 38.1 mm. Also the load rate is 
lower: 1.1 MPa/s. 
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The flexural strength can simply be found by the following formula, based on linear 
elastic beam theory: 
 2
max3
bh
aF
b =σ  (3.3) 
With Fmax the maximum force, a the moment arm between adjacent support and 
loading edges, b the width of the specimen and h the thickness of the specimen.  
3. 2. 2 Test setup and program 
Although we considered both the EN 1288-3 and ASTM C158-02 standard, we 
choose to work according to the latter because it asked for much smaller dimensions 
which made it more practical. However, again for practical reasons, not all 
regulations were strictly followed. 
 
The loading edges were cylindrical (5 mm radius); the supporting edges had a tilted, 
flat surface with a 2 mm radius fillet, allowing the specimen to bend without losing 
line contact between supporting edge and specimen. The loading edges were set to a 
distance of 100 mm while the bearing edges had a 200 mm separation as prescribed 
by ASTM C158-02 (Figure 3-3).  
 
Figure 3-3 Four-point bending test geometry. 
To prevent glass shards from flying around, a polycarbonate safety box was put in 
place. The complete setup is shown in Figure 3-3. 
250 
4 
100 
200 
L R LM M MR 
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Figure 3-4 Four-point bending test setup. 
The tests were performed on an Instron tensile testing machine with a 1 kN-range 
load cell. The rate of loading was set to 1.1 MPa/s as prescribed by ASTM C158-02. 
 
The glass breakage was filmed with a Photron Fastcam high-speed camera at a 
resolution of 512 by 48 pixels and a frame rate of 87500 frames per second. The 
camera trigger was set to center mode. This means that, by manually triggering upon 
hearing the glass crack, we obtained an equal number of frames before and after the 
frame at which the camera was triggered. Afterwards only the relevant frames, 
showing the crack initiation and propagation, were saved. Adequate lighting was 
provided with 3 flicker-free Hedler Daylux D04 spotlights: 2 were put in front of the 
tensile testing machine, 1 behind it.  
 
Sixty rectangular specimens were cut from 1 jumbo plate of nominally 4 mm thick 
automotive annealed float soda lime silicate glass. They were sized to 250 by 25 
mm. This is a deviation from the ASTM C158-02 requirements, prescribing a 
specimen width of 38.1 mm. However, this does not undermine the validity of our 
results. On the contrary, the assumption of a sufficiently high length-to-width ratio, 
upon which formula (3.3) is based, is better fulfilled for our specimen dimensions 
(l/w=10) than for the prescribed specimen dimensions (l/w= 6.6).  
 
supporting edges 
loading edges 
safety box 
glass specimen 
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All specimens were cut on the air surface of the glass. Subsequently, of 10 of them 
the sides were trimmed. The other 50 underwent no side finishing: these are raw cut 
specimens (2. 2. 7. b). 
Half of the specimens were tested with the air surface of the glass in tension, the 
other half with the tin surface in tension. 
3. 2. 3 Results and discussion 
3. 2. 3. a Flexural strength 
Prior to testing, the width and thickness of all specimens were measured. Force and 
displacement were recorded during the test by the controlling software of the tensile 
testing machine at a sampling rate of 10 Hz. From the maximum force, width and 
thickness the flexural strength (tensile strength) was calculated analytically using the 
formula (3.3). 
  
An overview of the results of the four-point bending tests is given in Table 3-1 and 
Figure 3-5. Each sample was given an abbreviated name: 
 
The error bars in the column bar graph (Figure 3-5) denote the standard deviation.  
Table 3-1 Four-point bending test results. 
Max. force 
[N] 
Max. displ. 
crosshead 
[mm] 
Flexural strength [MPa] 
Sample 
mean stdev mean stdev mean stdev 
4PB_25_RC_AS_AS 146 9 1.68 0.12 57 4 
4PB_25_RC_AS_TS 213 46 2.28 0.39 83 18 
4PB_5_T_NA_AS 157 21 1.74 0.20 61 8 
4PB_5_T_NA_TS 152 26 1.69 0.25 59 10 
 
4PB_25_RC_AS_AS 
tensioned surface: AS or TS  
cutting surface: AS (air surface), TS (tin surface) or NA (not applicable) 
side finishing: RC (raw cut), T (trimmed) or RG (rough ground) 
number of specimens in sample 
test name: 4PB (four-point bending) or AB (axisymmetric bending) 
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Figure 3-5 Four-point bending test: flexural strength. 
The potentially influencing parameters under investigation are the tensioned surface 
(air surface or tin surface) and the cutting surface position (at loading surface or at 
tensioned surface). Since all specimens were cut on the air surface, the influence of 
the cutting surface (air surface or tin surface) cannot be assessed. 
 
To determine the influence of the tensioned surface and the cutting surface position 
individually, we have to look at the raw cut and trimmed samples separately. 
 
First, we consider the trimmed samples. Here, during the specimen preparation both 
edges of the sides undergo the same grinding treatment as finishing, thus making the 
cutting surface parameter non applicable. Therefore, the influence of the tensioned 
surface can be isolated (bar 3 and 4 in Figure 3-5). We see that there is no significant 
influence. As mentioned in Chapter 2 (2. 2. 4) we expected the tensioned surface to 
be an influencing parameter, but this cannot be confirmed by our test results. 
 
Now that we have established that the tensioned surface has no influence, we can 
isolate the influence of the cutting surface position for the raw cut samples. We 
notice that the flexural strength is considerably lower when the cutting surface 
position is at the tensioned surface.  
 
As explained in 2. 2. 7. a, cutting introduces many discontinuities and flaws at the 
sides (including the edges). This damage is asymmetrical with respect to the middle 
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surface of the glass plate. In bending tests where edge influence is important this 
results in a dependence of the flexural strength on the specimen orientation with 
regard to its cutting surface. Our observation is consistent with this, thereby 
confirming the expected edge influence in our test (3. 2. 1. b). Moreover it confirms 
that the damage is mostly inflicted at the cutting surface edge. This can also be 
verified visually by comparing the cutting surface edge with the opposite edge 
(Figure 3-6). 
 
Figure 3-6 Side view of the cutting surface edge (facing up) as compared to the opposite 
edge. 
The fact that the trimmed samples yield comparable values to those of the raw cut 
samples with cutting surface in tension, can be understood by noting that the 
trimming, while eliminating the sharp macroscopic edges, at the same time 
introduces many new microscopic flaws at all the edges of the glass specimen. This 
leads to an overall edge quality for these specimens which is comparable to the edge 
quality at the cutting surface of the raw cut specimens.   
3. 2. 3. b Breakage patterns 
To examine the fracture behavior, we made high-speed recordings for 20 cut 
specimens, 10 tensioned at the air surface and 10 tensioned at the tin surface. This 
resulted in image sequences showing crack initiation and propagation. A typical 
example is given in Figure 3-7. 
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Figure 3-7 Four-point bending test: high-speed image sequence (87500 fps). 
On these images one can readily see that fracture initiates at the longitudinal edges 
of the glass specimens. This confirms the large edge influence found in 3. 2. 3. a. 
We also notice that several cracks can appear in one specimen. This was to be 
expected because the bending moment is constant in the whole middle area between 
the loading edges. 
 
An overview of our findings for the 20 filmed raw cut specimens is given in Table 
3-2: 10 tensioned at tin surface, hence cutting surface position at loading surface and 
10 tensioned at air surface, hence cutting surface position at tensioned surface. The 
location of the crack(s) is indicated with a letter code: ‘L’, ‘LM’, ‘M’, ‘MR’ or ‘R’. 
The corresponding location on the specimen is represented in Figure 3-3. For the 
geometry of the crack(s) 2 codes, referring to the specific shape, are used: ‘V’ for a 
crack initiated at the longitudinal glass edge closest to the camera, ‘A’ for a crack 
t 
supporting edges 
loading edges 
crack initiation 
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initiated at the farthest glass edge. The letters ‘V’ and ‘A’ thus represent the shape of 
the crack seen from the viewpoint of the camera. 
Table 3-2 Four-point bending test: location and geometry of crack(s). 
Cutting surface at loading surface Cutting surface at tensioned surface 
Specimen Location Geometry Specimen Location Geometry 
1 LM-R A-A 1 L-LM-MR-R V-A-A-A 
2 L V 2 L-MR A-A 
3 LM-R A-A 3 L-M-R A-A-A 
4 M A 4 L-MR-R A-V-A 
5 M V 5 LM-R V-V 
6 M A 6 M-R V-A 
7 M A 7 LM-M-R V-V-A 
8 M V 8 L-M-MR A-V-V 
9 LM-R V-V 9 L-M-R A-V-A 
10 R A 10 L-M A-A 
 
We notice that more cracks appear for the sample with the cutting surface at the 
tensioned surface. As mentioned earlier, flexural strength is also lower for this 
sample. Both observations are of course correlated and are the result of the 
irregularities and flaws introduced at the cutting surface edges of the glass during 
the cutting process. This again demonstrates the edge influence as expected from 
literature (3. 2. 1. b) and already shown to be of large importance in 3. 2. 3. a and 3. 
2. 3. b. 
 
3. 3 AXISYMMETRIC BENDING  
The objective of this test was to investigate the fracture behavior and flexural 
strength of glass with minimized edge influence.  
3. 3. 1 Standard tests 
There are a number of standards describing axisymmetric bending test methods, 
such as EN 1288 and ASTM C 1499-09. Both of them use a coaxial double ring test 
setup, illustrated in Figure 3-8. They will be discussed below. 
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Figure 3-8 3D view of the coaxial double ring test setup according to ASTM C 1499-09 
[7]. 
3. 3. 1. a EN 1288 
In the European standards EN 1288-1, EN 1288-2 and EN 1288-5 coaxial double 
ring test methods for large and small test surface areas are specified. 
Coaxial double ring test principles 
In EN 1288-1 [4] the principles of these coaxial double ring tests are explained. The 
test geometry is illustrated in Figure 3-9. By ensuring that only a limited zone of the 
surface of the specimen, not including the edges, is subjected to maximum tensile 
stressing, the edge effects are suppressed to a large extent. By using a ring-shaped 
indentor the tensile stresses in this circular shaped, middle area of the specimen are 
intended to be uniform. Nevertheless, some complications appear.  
 
Figure 3-9 Coaxial double ring test geometry [6]. 
Study of Impact on Window Glass Fitted with Safety Film 
 
42 
EN 1288-1 states that when the deflections are relatively small (the precise limit 
depends on the ring geometry), the central surface area is subjected to uniform 
tensile stresses (Figure 3-10). Moreover, in the case of round glass specimens, the 
radial and the tangential stress are then of equal size. If, however, the deflections 
become larger this leads to localized increases in stress below the edge of the 
loading ring, the extent of which increases as the load rises. Also at this stage of the 
loading, the tangential and radial stresses change differently.  
 
Figure 3-10 Stresses in a round specimen under coaxial double ring loading [4]. 
This standard also states that in the case of the large test surface area, this increase in 
stress below the edge of the loading ring can be avoided by applying a gas pressure 
in the ring-shaped indenter against the surface of the glass specimen. The gas 
pressure then has to be optimized in such a way that either the radial or tangential 
tensile stress develops almost uniformly within the loading ring. This of course 
requires a complex control system.  
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For the quasi-linear (small-deflection) range of specimen loading, the following 
expression, based on simple plate theory, applies for the stresses (radial = tangential) 
in the surface of circular specimens bounded by the loading ring: 
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with r1 the radius of the loading ring, r2 the radius of the supporting ring, r3 the outer 
radius of the round glass specimen and ν the Poisson ratio of the glass. 
Coaxial double ring test on small test surface areas 
For this test setup two different dimensional configurations exist and the specimens 
can be circular as well as square. The dimensions (for the notations refer to Figure 
3-9) are [6]: 
- R45 configuration: r1 = 9 mm, r2 = 45 mm and r3 (or side length/2 in case of square 
specimens) = 50 mm 
- R30 configuration: r1 = 6 mm, r2 = 30 mm and r3 (or side length/2 in case of square 
specimens) = 33 mm 
 
In this test method, breakage of the specimens in the quasi-linear range (3. 3. 1. a) is 
ensured by imposing minimal thicknesses for the specimens [4]. 
Hence, the flexural strength for circular specimens can be calculated, based on (3.4), 
with the following formula: 
 2
max
1, h
FKcircularb =σ  (3.5) 
where K1 is a function of r1, r2, r3 and ν.  
 
With the constant ratio between the values for r1, r2 and r3 for the two configurations 
as stated above and ν = 0.23 for soda lime silicate glass the value of K1 is 1.09 [4]. 
Coaxial double ring test on large test surface areas 
The dimensions for this test setup are r1 = 300 mm and r2 = 400 mm (Figure 3-9). 
The specimens are square with a side length of 1000 mm. 
 
In this test breakage of the specimens does not occur until beyond the quasi-linear 
range [4]. In this non-linear range, where a gas pressure is applied to compensate for 
the deviations in the stresses, the flexural strength has to be calculated by another 
method [5]. The flexural strength is associated with the maximum piston force Fmax 
and its corresponding gas pressure pmax. These two measured values are converted 
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into corresponding non-dimensional factors F*max and p*max with the aid of 
equations, taking into account the specimen thickness, h. With these, the non-
dimensional flexural strength can then be determined from a graph or table. After 
one more conversion the flexural strength is found.  
3. 3. 1. b ASTM C 1499-09 
ASTM C 1499-09 [7] describes a test method for the equibiaxial flexural strength of 
ceramics that macroscopically exhibit isotropic, homogeneous and continuous 
behavior. It uses a coaxial double ring loading configuration similar to that of the 
test methods described in EN 1288 (3. 3. 1. a). As in EN 1288 the specimens can be 
round or square.  
Unlike EN 1288, this standard does not impose specific dimensions for the loading 
fixtures nor for the specimens. It only requires the dimensions to be attuned so that 
simple plate theory can be applied (equations to enforce this condition are provided). 
Therefore the flexural strength can be calculated, like in EN 1288, based on (3.4). 
Also, ASTM C 1499-09 recommends a much higher load rate (>30 MPa/s) than the 
load rate of 2 MPa/s prescribed by EN 1288. 
3. 3. 2 Test setup and program 
We designed the test setup ourselves, considering the coaxial double ring tests 
described in 3. 3. 1. The major difference between the test setup of the latter and 
ours is that we use a centrally placed spherical indentor instead of a ring-shaped 
indentor. The reason for this is that we also conducted dynamic impact tests with a 
similar spherical indentor (Chapter 6) and wanted to be able to use the results of the 
static testing for the modeling of the dynamic tests. Consequently the advantage of 
uniform bending stresses in the central area is lost. However, since with this setup 
only the centre of the specimen surface is subjected to maximum tensile stressing, 
the main benefit of coaxial double ring tests, namely the suppression of edge effects, 
remains valid. 
 
A 5 mm radius spherical indentor and a supporting ring were made to our 
specifications. A schematic overview is depicted in Figure 3-11. 
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Figure 3-11 Axisymmetric bending test geometry. 
Note that it is already the measured thickness (3. 3. 3. a) which is indicated on this 
sketch. 
 
To prevent glass shards from flying around, a polycarbonate safety box was put in 
place (Figure 3-12). 
 
Figure 3-12 Axisymmetric bending test setup. 
The tests were performed on an Instron tensile testing machine with a 10 kN-range 
load cell. The displacement rate was set to 1 mm/min. 
 
As the displacements caused by the bending of the glass are very small, they could 
be inaccurate if derived from the crossbeam displacement. This is due to the local 
deformation of the glass and the displacement of the indentor relative to the 
90 
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crossbeam. Therefore, a linear variable differential transformer (LVDT) was set up 
below the centre of the specimen to measure only the displacement due to the 
bending of the glass at this point (Figure 3-13). 
 
Figure 3-13 Axisymmetric bending test: LVDT. 
The glass breakage was again filmed with the Photron Fastcam high-speed camera, 
as was the case for the four-point bending test (3. 2. 2). The only differences were 
that the resolution was set to 512 by 32 pixels and the frame rate to 112500 frames 
per second. 
  
Sixty round specimens with a nominal diameter of 100 mm were cut from 1 jumbo 
plate of nominally 4 mm thick automotive annealed float soda lime silicate glass. 
Forty were cut on the air surface of the glass; 20 on the tin surface. Subsequently, 20 
out of the 40 specimens cut on the air surface were rough ground with chamfered 
edges (which made their cutting surface irrelevant) (2. 2. 7. b). The other 40 
underwent no side finishing: these are raw cut specimens. Half of the specimens 
were tested at the air surface of the glass; the other half was tested at the tin surface. 
3. 3. 3 Results and discussion 
3. 3. 3. a Flexural strength 
Prior to testing, the thickness of all specimens was measured. It proved to be fairly 
constant, at about 3.9 mm (ranging within a few 0.01 mm). The force exerted by the 
indentor was measured by the load cell of the Instron tensile testing machine; the 
LVDT monitored the deflection at the centre of the glass. Both signals were 
acquired with the National Instruments NI USB-6251 data acquisition card and 
recorded by LabView at a sampling rate of 25 Hz. The results are summarized in 
Table 3-3. Each sample was again given an abbreviated name as explained in  
3. 2. 3. a. 
 
 
LVDT 
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Table 3-3 Axisymmetric bending test results. 
Max. force [N] Max. displacement LVDT 
[mm] 
Sample 
mean stdev mean stdev 
AB_10_RC_AS_AS 1365 394 0.46 0.10 
AB_10_RC_AS_TS 1435 285 0.50 0.08 
AB_10_RC_TS_AS 687 201 0.22 0.06 
AB_10_RC_TS_TS 948 447 0.36 0.12 
AB_10_RG_NA_AS 1301 491 0.41 0.15 
AB_10_RG_NA_TS 1066 326 0.36 0.12 
 
Analytical processing 
In this case there is no readily available, analytical expression to calculate the 
flexural strength from the maximum force and/or the maximum deflection. 
Therefore, using simple plate theory, we worked out an analytical model of a 
circular glass plate with radius a = 50 mm and thickness h = 3.9 mm. It is simply 
supported at radius b = 45 mm and loaded with a concentrated force exerted in its 
centre by the indentor. 
 
The analytical solution for this problem can be found by superposition of two cases, 
shown in Figure 3-14.  
 
Figure 3-14 Analytical model axisymmetric bending test. 
The first case is shown by the arrow P, the concentrated force in the centre of the 
plate. The particular solution for the displacement in this case, independent of the 
boundary conditions, which are therefore not depicted in Figure 3-14 although they 
are of course required to ensure static equilibrium, is [8]: 
P
q b
a
h
r
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D
rwP π
lnPr
8
1 2=  (3.6) 
In which D represents the stiffness:  
 2
3
112
1
ν−=
EhD  (3.7) 
Herein E is Young’s modulus and ν Poisson’s ratio. 
 
The second case is shown by the arrows q, a circularly distributed line load at the 
support radius b. The particular solution for the displacement in this case, with the 
same remark regarding the boundary conditions applying as in the first case, is [9]: 
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The general solution for both cases is given by: 
 231 rCCwgs +=  (3.9) 
 
The complete solution is found by adding up the general and particular solutions: 
 qPgs wwww ++=  (3.10) 
The slope α, the bending moments and the acting forces can then be derived as 
follows: 
 w
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By enforcing the boundary conditions the integration constants are determined. 
These boundary conditions are: 
 0)( =by  (3.15) 
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 0)( =aMr  (3.16) 
 
Finally, the maximum stresses (at the bottom surface of the glass specimen) can be 
calculated: 
 2
6
h
Mr
rr =σ  (3.17) 
 2
6
h
Mθ
θθσ =  (3.18) 
 
However, due to the point load present in the model at the centre of the glass plate, 
equations (3.17) and (3.18) yield stress values tending to infinity in that point. 
Different approaches to remedy this problem were tested. 
 
First, we simply tried to evaluate the stresses by substituting r (for r < 0.5h) by an 
equivalent finite value [10]:  
 hhr 675.06.1 22 −+  (3.19) 
This actually comes down to evaluating the stresses not in the centre but very close 
to it, thus avoiding the infinite results. However, since this yielded different results 
for the tangential and radial stress components in the centre of the glass plate, we 
could not accept this as a valid solution. 
 
Next, the point load, representing the force exerted by the indentor, was replaced by 
a circular line load, again avoiding the infinite values. The problem now was on 
what radius this circular line load should be defined. Since the obtained results for 
the maximum stresses in the centre of the glass plate were strongly dependent on 
this chosen radius, again no valid results could be obtained. 
 
Finally, we looked into the Hertzian theory of elastic contact to obtain a better 
insight in first of all the nature and size of the contact zone and secondly the 
pressure distribution over this area. This theory [11] starts from the assumptions that 
the dimensions of the contact area must be small compared with the dimensions of 
each body as well as with the curvature radii of the surfaces. Moreover the surfaces 
are assumed to be frictionless. According to this theory the contact area between a 
spherical and a plane solid body will be circular with radius: 
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Herein R is the radius of the spherical indentor body, P the total load and E* is 
defined by: 
  
2
2
2
1
2
1 11*
EE
E νν −+−=  (3.21) 
Over this circular contact area a parabolic pressure distribution is found: 
 
2
0 _
1 ⎟⎟⎠
⎞⎜⎜⎝
⎛−=
contactr
rpp  (3.22) 
With: 
 
3/1
23
2
0
*6
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
R
PEp π  (3.23) 
 
Based on this theory we decided to replace the single circular line load with a 
superposition of a sufficient number of circular line loads in the contact area 
between the glass and the indentor.  
With n denoting the total number of circular line loads, and supposing the line loads 
to be equidistant we can write for their radius rk: 
 
n
contactrkrk
_=  (3.24) 
The corresponding line load at that radius can be calculated by multiplying the 
pressure at that radius, calculated through (3.22), with the radial increment: 
 
n
contactr
contactr
rpq kk
_
_
1
2
0 ⎟⎟⎠
⎞⎜⎜⎝
⎛−=  (3.25) 
 
As can be seen from the above equations the calculation results will also depend on 
the elastic material properties for glass as well as steel. For glass these are given in 
2. 2. 5. a: E = 70 GPa and ν = 0.23. For steel we use E = 210 GPa and ν = 0.3. 
 
To test this analytical calculation method, it was implemented in a Maple worksheet 
and subsequently applied to the mean values of the experimentally obtained 
maximum force values for each sample (Table 3-3). It yielded equal radial and 
tangential stress components in the centre of the plate and converging results for n-
values 200 and 500. So we could conclude that a value of 200 for n was sufficient 
and that this approach yielded valid results. These results are given in Table 3-4.  
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Table 3-4 Axisymmetric bending test: analytical calculation results. 
Flexural 
strength  
Max. 
displacement 
Difference between 
calculated and measured 
max. displacement  
Sample 
[MPa] [mm] [%] 
AB_10_RC_AS_AS 290 0.38  17% 
AB_10_RC_AS_TS 304 0.40  20% 
AB_10_RC_TS_AS 152 0.19  14% 
AB_10_RC_TS_TS 206 0.26  28% 
AB_10_RG_NA_AS 277 0.36  12% 
AB_10_RG_NA_TS 230 0.30  17% 
 
Although we were now able to compute meaningful values for the flexural strength 
and the maximum displacement, we were still skeptical about their accuracy. 
Therefore we compared the calculated maximum displacements with the measured 
LVDT displacements (Table 3-3). The results of this are also incorporated in Table 
3-4 and look quite acceptable. However, as we had no reference values to compare 
the computed flexural strength values with, we resorted to finite element analysis to 
be able to crosscheck these values. 
 
Finite element processing 
A finite element model of the glass specimen, its supporting ring and the indentor 
was built in Abaqus/Standard. Because of the axial symmetry we were able to 
construct a two-dimensional axisymmetric model. The geometry was modeled based 
on Figure 3-11. The involved materials, steel and glass, were assumed to be totally 
elastic with the values of the elastic parameters as in the analytical calculation. 
 
Between the indentor and the glass as well as between the supporting ring and the 
glass, a frictionless contact is defined. As for the boundary conditions, the bottom 
surface of the supporting ring is encastred and a displacement is defined for the 
indentor. The model assembly is shown in Figure 3-15. 
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Figure 3-15 Abaqus finite element model axisymmetric bending test.  
As for the finite element mesh we noticed that, while the simulation results were 
quite insensitive to the meshes of both the indentor and the supporting ring, 
completely the opposite was true for the mesh of the glass specimen. Therefore we 
refined it until convergence of the results was obtained.  
 
The mesh size of the glass specimen was gradually decreased from 1 mm over 0.5 
mm and 0.1 mm to 0.05 mm. Starting from a mesh size of 0.1 mm the results 
exhibited a good convergence. This is illustrated in the following graphs (Figure 
3-16 and Figure 3-17) respectively showing the force on the indentor and the 
maximum principal stress at the bottom centre of the glass plate as a function of the 
displacement of this point for the different considered mesh sizes.  
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Figure 3-16 Force on indentor in function of displacement bottom centre of glass plate for 
different mesh sizes.  
 
Figure 3-17 Maximum principal stress at bottom centre of glass plate in function of 
displacement of this point for different mesh sizes.  
Consequently this mesh size of 0.1 mm was adopted for our further investigations. 
The complete model with all meshes is shown in Figure 3-18 below. 
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Figure 3-18 Abaqus finite element model axisymmetric bending test with mesh.  
We wanted to use the measured maximum force as input for the numerical 
simulation. The outputs we were interested in are the maximum principal stress at 
the bottom centre of the glass plate (=flexural strength) and the displacement of this 
point, for comparison with the displacement measured by the LVDT. To be able to 
do this in a practical manner, a graph was generated of the flexural strength and 
displacement of the bottom centre in function of the force on the indentor. 
 
Figure 3-19 Flexural strength and displacement of bottom centre of glass plate in function 
of force on indentor. 
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From Figure 3-19 we determined the corresponding flexural strengths and maximum 
displacements for the experimentally measured maximum forces (Table 3-5). For 
validation purposes we also added the results of the comparison between the 
calculated and the measured maximum displacement.  
Table 3-5 Axisymmetric bending test: Abaqus calculation results. 
Flexural strength 
[MPa] 
Max. 
displacement 
[mm]  
Sample 
mean stdev mean 
Difference between 
calculated and 
measured max. 
displacement  
[%] 
AB_10_RC_AS_AS 221 64 0.38  17% 
AB_10_RC_AS_TS 232 46 0.40  19% 
AB_10_RC_TS_AS 111 32 0.19  12% 
AB_10_RC_TS_TS 153 72 0.27  26% 
AB_10_RG_NA_AS 210 80 0.36  11% 
AB_10_RG_NA_TS 172 53 0.30  17% 
 
These results are acceptable, especially in the light of the fact that the measurements 
of the LVDT are susceptible to effects of the specimen not lying completely 
centered, or very small glass particles lying between the specimen and the 
supporting ring. 
 
When we compare the results of the Abaqus calculation with those of the analytical 
calculation we notice that both yield remarkably coinciding values for the maximum 
displacement. Nevertheless, for the flexural strength we consistently obtain 
considerably lower values from the Abaqus calculation.  
 
Since the analytical calculation is based on several simplifying assumptions, it can 
reasonably be assumed that the Abaqus flexural strength results are the most 
reliable. Therefore these will be used for the further discussion. They are shown in 
the column bar graph below (Figure 3-20). 
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Figure 3-20 Axisymmetric bending test: flexural strength. 
 
Discussion 
The potentially influencing parameters under investigation are the tensioned surface 
(air surface or tin surface), the cutting surface (air surface or tin surface) and the 
cutting surface position (at loading surface or at tensioned surface).  
 
No significant overall influence from the tensioned surface could be found.  
 
By comparing the samples cut on the tin surface with the other samples (cutting 
surface at air surface or not applicable) it is clear that the cutting surface has a major 
influence. Specimens cut on the tin surface have a considerably lower flexural 
strength than those cut on the air surface.  
 
This is due to the fact that cutting on the tin surface results in cuts which are much 
more irregular than is the case for cuts made on the air surface (compare Figure 3-21 
and Figure 3-22).  
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(a) 
 
(b) 
Figure 3-21 Specimen cut on tin surface ((a): side view with air surface facing up, (b): 
view on air surface). 
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(a) 
 
(b) 
Figure 3-22 Specimen cut on air surface ((a): side view with air surface facing down (b): 
view on tin surface). 
More specifically the resulting edge on the air surface of the glass specimen is of a 
remarkably bad quality, with large broken off chips in some places and sharp 
protruding parts elsewhere. This results in a shape that deviates quite a bit from the 
intended circular one. Furthermore we notice that the damage is even not restricted 
to the sides; the broken off chips lead to damage stretching towards the surface of 
the glass. 
 
Consequently, the introduced damage is so extensive that in this case, although it is 
expected to be low (3. 3. 2), the edge influence does manifest itself quite strongly. 
 
Considering that the tensioned surface has no influence and the cutting surface has, 
we have to compare the samples AB_10_RC_TS_TS and AB_10_RC_AS_AS with 
the samples AB_10_RC_TS_AS and AB_10_RC_AS_TS respectively to be able to 
determine the influence of the cutting surface position. Since the 
AB_10_RC_TS_TS sample yields a higher flexural strength than the 
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AB_10_RC_TS_AS sample, whereas the AB_10_RC_AS_AS sample yields a lower 
result than the AB_10_RC_AS_TS sample, no consistent influence of the cutting 
surface position can be derived.  
3. 3. 3. b Breakage patterns 
We made high-speed recordings for 20 raw cut (on the air surface of the glass) 
specimens, 10 tensioned at the air surface and 10 tensioned at the tin surface. This 
resulted in sequences of high-speed images showing crack initiation and 
propagation, as can be seen in Figure 3-23. 
 
Figure 3-23 Axisymmetric bending test: high-speed image sequence (112500 fps). 
For all but 2 of the 20 filmed specimens these images clearly show that the crack is 
not initiated at the edge of the glass specimen but starts somewhere in the middle. In 
the particular case of Figure 3-23 it starts even almost exactly in the center, under 
the spherical indentor.  
 
This strongly confirms the expected low edge influence, be it only for specimens cut 
on their air surface. Also the lack of consistent influence of the cutting surface 
position (3. 3. 3. a) points in the same direction. 
 
indentor 
crack propagation 
reflection of indentor 
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3. 4 COMPARISON FOUR-POINT AND AXISYMMETRIC BENDING 
An overview of the results from both tests is given in Figure 3-24. 
 
Figure 3-24 Overview four-point and axisymmetric bending: flexural strength. 
The flexural strength is approximately 3 times higher for axisymmetric bending than 
for four-point bending. This strongly confirms our conclusion that the edge 
influence can be reduced considerably by using the axisymmetric test. 
 
The relative spread of the four-point bending results is lower than for the 
axisymmetric bending results. This can be explained by noting that fracture in 
principle starts at the point where the highest tensile stress is found. For the 
axisymmetric bending test, this point is located below the indentor at the opposite 
surface of the glass. The presence or absence of surface flaws at this single spot has 
an important influence on the obtained flexural strength values, thus explaining the 
large spread of these results. In the case of four-point bending, however, the zone 
located between the loading edges uniformly shows the highest stress. In this zone 
of uniform stress, fracture will automatically occur at the weakest point(s) at the 
edges. This yields on average lower values while at the same time decreasing the 
spread.  
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Chapter 4 STATIC CHARACTERIZATION OF PET-FILM 
This chapter elaborates on the tests performed to investigate the static mechanical 
behavior of the PET-film. First of all, the tensile properties tests (4. 1) are discussed. 
These yielded the basic parameters needed for the elastic-plastic material model 
which was used for the finite element model of the PET-film (4. 1. 4). Next, two 
other types of tests are looked into, namely tear resistance (4. 2) and penetration 
resistance (4. 3). These were conducted to (quasi-statically) simulate the conditions 
the film is exposed to when the glass, on which it is applied, breaks. In this way we 
want to gain a better insight in the film behavior under these conditions. 
4. 1 TENSILE PROPERTIES 
4. 1. 1 ASTM D 882-02 standard 
This standard describes a standardized test method to determine the tensile 
properties of thin plastic sheeting, including film [1]. 
 
The tests shall be carried out on a tensile testing machine capable of maintaining a 
constant rate of crosshead movement. The grips may be fixed or self-aligning but 
they should anyhow minimize both slippage and uneven stress distribution. 
 
Rectangular shaped specimens are prescribed. For the dimensions no specific values 
are given. However, some rules must be observed. The length shall be at least 50 
mm longer than the initial grip separation to provide enough length to clamp the 
specimens. The width shall be between 5 and 25.4 mm and the width to thickness 
ratio shall be at least 8. 
 
At least 5 specimens per principal axis of anisotropy shall be tested for each sample. 
Specimens that fail at some obvious flaw or outside the gage length shall be 
discarded and retests made. However, results from the latter specimens are 
acceptable on condition that they are in good agreement with the values obtained 
from specimens breaking within the gage length. 
 
Both the initial grip separation and the crosshead speed are stated as a function of 
the fracture strain and the fact whether the Young’s modulus is to be determined. 
The maximum proposed crosshead speed amounts to 500 mm/min. 
4. 1. 2 Test setup and program 
The test setup is based on ASTM D882-02. 
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The tests were performed on a Zwick Z010 tensile testing machine with a 10 kN-
range load cell. Pneumatically actuated grips with a degussit lining were used to 
clamp the specimen (Figure 4-1). In this way the slippage could be minimized while 
at the same time ensuring that the film stayed unharmed.  
 
Figure 4-1 Tensile properties test setup. 
To measure the elongation of the film a feeler arm extensometer (Figure 4-2) was 
used. A classic clip-on extensometer is not suited for this specific application 
because it is not possible to attach it to a flexible (film) specimen (done by means of 
a rubber band) and because its knife edges can cause (asymmetrical) damage to the 
specimen.  
 
The feeler arm extensometer on the other hand could easily be applied to the film 
specimen (its feeler arms clamp the specimen between their pincers) and by 
covering the contact edges of the feeler arm pincers with rubber bands, contact 
damage was avoided while slippage could be kept to a minimum. Moreover it 
offered the advantage of fully automated operation [2]. 
extensometer 
grips 
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Figure 4-2 Feeler arm extensometer applied to film specimen. 
The initial grip separation was set to 180 mm, instead of the 250 mm prescribed by 
the standard in case of Young’s modulus determination (4. 1. 1). The initial gauge 
length of the extensometer was 100 mm.  
 
In accordance with the standard (4. 1. 1), rectangular specimens, sized 250 by 25 
mm were used. They were cut with a Stanley cutter on a cutting mat using a steel 
cutting template.  
 
For the rest of the test parameters and the sample properties, distinction has to be 
made between the different test programs we devised. 
 
Influence of the loading rate 
For the test program to assess the influence of the loading rate the following 
crosshead speeds were used: 25, 50, 100, 250, 500, 1000 and 1800 mm/min. 
No curing was applied to the specimens; they were all simply stored at room 
temperature. 
 
This resulted in seven samples, all taken from the same batch of 4 mil raw PET. 
Each of these samples contained two specimens, except for the 500 mm/min sample, 
where ten specimens were used. 
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Influence of curing 
We wanted to investigate the influence of curing (temperature and time) because, 
when the PSA is cured after installation (2. 3. 4. b), the PET-film is exposed to this 
curing treatment as well. We wanted to ensure that the PSA curing conditions we 
impose in the lab do not alter the mechanical properties of the PET-film.  
 
For this test program the displacement rate was kept constant at 500 mm/min. Here 
we deviated from the standard’s stipulations (4. 1. 1) according to which, since we 
intended to determine the Young’s modulus, we should have used a crosshead 
displacement rate of 25 mm/min. Instead, we used the maximum proposed 
crosshead speed of 500 mm/min. 
 
Curing time and temperature were considered as parameters. The curing temperature 
was varied between room temperature, 50°C and 70°C. For the curing temperatures 
of 50 and 70°C the curing time was varied over the following range: 1 h, 2 h, 4 h, 
8 h, 16 h and 32 h.  
 
This yielded thirteen samples, all of which were taken from the same batch of 4 mil 
raw PET. Each of these samples consisted of two specimens, with the exception of 
the room temperature sample which was equal to the one used for the 500 mm/min 
loading rate sample. 
 
Influence of the film construction  
For this test program, which concerns the influence of the thickness of the PET-film 
as well as the presence of hard coat and/or PSA, the displacement rate was kept 
constant at 500 mm/min. No curing was applied to the specimens; they were all 
simply stored at room temperature. The considered PET-film constructions are 3 mil 
raw PET (RPET_3), 4 mil raw PET (RPET_4), 7 mil raw PET (RPET_7), 4 mil PET 
with hard coat (PET+HC_4), 4 mil PET with PSA (PET+PSA_4) and 4 mil finished 
good (FG_4), which is simply the 4 mil PET with both HC and PSA (2. 3).  
 
This resulted in six samples for which all 4 mil raw PET (including that used for the 
constructions with PSA and/ or HC) was taken from the same 4 mil raw PET batch. 
However, this batch differed from that used for the test programs regarding the 
influence of the loading rate and curing.  
 
Each of the 4 mil samples contained ten specimens. For the 3 and 7 mil raw PET 
samples we adapted the number of specimens depending on the outcome of the tests. 
At least five specimens were tested per sample. If a specimen broke at one of the 
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grips, a retest on another specimen was conducted. In total, a maximum of ten 
specimens per sample was tested.  
 
Influence of the film orientation 
To investigate this influence, each of the above described samples was doubled into 
two samples: one in machine direction (MD) and one in transverse direction (TD). 
This is in accordance with the standard’s requirements in case of anisotropic 
material behavior (4. 1. 1) which the PET-film exhibits (2. 3. 1). 
4. 1. 3 Results and discussion 
Force and nominal strain (measured by extensometer) were recorded during the test 
by the controlling software of the tensile testing machine.  
 
From the force and the original cross-sectional area the nominal (or engineering) 
stress was calculated. For the calculation of the original cross-section the nominal 
thickness and width of the specimens could be used because some initial 
measurements pointed out that the deviations were negligibly small (<3% for 
thickness, <1% for width). 
 
Based on these results nominal stress-strain curves were constructed. Two 
characteristic shapes can be distinguished for these curves, depending on the film 
orientation. A representative example for a machine direction and transverse 
direction oriented 4 mil raw PET specimen is shown in Figure 4-3. 
 
Figure 4-3 Characteristic nominal stress-strain curves 4 mil raw PET MD vs TD. 
Study of Impact on Window Glass Fitted with Safety Film 
 
68 
Bearing in mind that we intend to build a finite element model of the PET-film (4. 1. 
4), we are interested in the following material parameters: Young’s modulus (E), 
Poisson’s ratio (ν), yield strength, tensile strength and plastic strain at maximum 
load and fracture.  
 
Although trials were conducted, the Poisson’s ratio could not be accurately 
determined with the test setup as described under 4. 1. 2. Therefore, and also 
because anyhow the Poisson’s ratio exhibits less variation between different 
materials than other mechanical properties, we decided to use the value stated in the 
manufacturer’s datasheet (2. 3. 1): 0.38 (independent of the film orientation and 
type). 
 
For each of the investigated material parameters the following influences were 
assessed based on the results of the corresponding test programs: 
 Loading rate 
 Curing 
 Film construction 
 Film orientation 
 
For the loading rate test program, the results of the tests at 1000 mm/min and 1800 
mm/min suffered from extensive slippage and were therefore discarded. 
 
After reviewing all results from the curing test program, no influence of curing time 
could be distinguished. This meant we could regroup all the different curing time 
samples with the same curing temperature into new samples based on curing 
temperature only. It is the results of the latter we will report in the discussion below. 
 
To investigate the influence of the film orientation, all samples had to be considered, 
because for every sample tested in the machine direction (MD), a complementary 
sample tested in the transverse direction (TD) existed (4. 1. 2). No specific graphs 
were created. Instead, the differences between machine and transverse direction 
were taken into account in all other graphs. 
4. 1. 3. a Young’s modulus (E) 
Young’s modulus was determined as the slope of the tangent to the initial linear 
portion of the stress-strain curve. 
Influence of the loading rate 
The relevant sample means and standard deviations to asses the loading rate 
influence are shown in the column bar graph in Figure 4-4. For the 50 mm/min 
sample in transverse direction no standard deviation could be calculated since of the 
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two available specimens one had to be eliminated because its Young’s modulus 
value completely deviated. 
 
Figure 4-4 Influence loading rate on Young’s modulus.  
Overall, we observe a slightly increasing trend for the Young’s modulus in function 
of the loading rate but it is not significant. 
 
Influence of the curing temperature 
The relevant sample means and standard deviations to asses the curing temperature 
influence are shown in the column bar graph in Figure 4-5. The error bars indicate 
the standard deviation. 
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Figure 4-5 Influence curing temperature on Young’s modulus. 
Curing at 50°C does not affect the Young’s modulus while at 70°C it more or less 
halves the Young’s modulus. 
 
Influence of the film construction 
The relevant sample means and standard deviations to asses the film construction 
influence are shown in the column bar graph in Figure 4-6.  
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Figure 4-6 Influence film construction on Young’s modulus. 
The Young’s modulus slightly decreases when the film thickness increases from 3 to 
4 mil raw PET. However, the 7 mil raw PET yields a value comparable to that of the 
4 mil raw PET. Thus, no consistent influence can be derived.  
 
By comparing the 4 mil PET + HC and the 4 mil finished good samples with the 4 
mil raw PET and the 4 mil PET + PSA samples respectively, it can be seen that the 
hard coat very slightly increases the Young’s modulus. However, the influence is so 
small compared to the spread that it cannot be considered significant.  
 
By comparing the 4 mil PET + PSA and the 4 mil finished good samples with the 4 
mil raw PET and the 4 mil PET + HC samples respectively, it can be concluded that 
the presence of PSA has no consistent influence. It results in a very small increase in 
machine direction (significant only for the comparison between 4 mil raw PET and 4 
mil PET + PSA), yet it also leads to a significant decrease in transverse direction.  
 
Influence of the film orientation 
From the graphs above (Figure 4-4 till Figure 4-6) it is clear that the film orientation 
has an important influence on the Young’s modulus. The modulus is substantially 
higher for specimens tested in the transverse direction. 
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4. 1. 3. b Yield strength 
As a measure for the yield strength, the tensile testing machine software computes 
the proof stress at 0.2% permanent elongation (Rp0.2). This yielded a value of 
approx. 80 MPa for all specimens except for those cured at 70°C.  
 
But as can be seen from the (typical) example shown in Figure 4-3, this is actually 
not a good measure of the yield strength because this value lies well below the 
perceived yielding threshold which lies at approx. 110 MPa. 
 
Therefore we decided to visually determine the yield strength based on the yielding 
threshold of the stress-strain curves. This resulted in a value of 110 MPa practically 
independent of the investigated influencing factors. The only exception to that 
occurred for the sample cured at 70°C. There this value drops to around 65 MPa. 
4. 1. 3. c Tensile strength 
This is simply obtained as the maximum nominal stress. 
Influence of the loading rate 
The relevant sample means and standard deviations to asses the loading rate 
influence are shown in the column bar graph in Figure 4-7. 
 
Figure 4-7 Influence loading rate on tensile strength. 
The loading rate has no significant influence on the tensile strength within the tested 
range. 
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Influence of the curing temperature 
The relevant sample means and standard deviations to asses the curing temperature 
influence are shown in the column bar graph in Figure 4-8. 
 
 
Figure 4-8 Influence curing temperature on tensile strength. 
Curing at 70°C almost halves the tensile strength whereas curing at 50°C has no 
significant influence. 
 
Influence of the film construction 
The relevant sample means and standard deviations to asses the film construction 
influence are shown in the column bar graph in Figure 4-9. 
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Figure 4-9 Influence film construction on tensile strength. 
The tensile strength slightly decreases with increasing thickness. However, this 
influence is only significant in transverse direction. 
  
By comparing the PET+HC_4 and the FG_4 samples with the RPET_4 and the 
PET+PSA_4 samples respectively, a slightly increasing overall trend can be noticed 
for the hard coat, the only exception occurring between the PET+PSA_4 and FG_4 
MD sample. However, this influence cannot be considered significant when one 
compares the differences between the samples with the variation within the samples. 
 
By comparing the PET+PSA_4 and the FG_4 samples with the RPET_4 and the 
PET+HC_4 samples respectively, it can be concluded that the presence of PSA has 
no significant influence. In machine direction a non-significant increasing influence 
is perceived whereas in transverse direction a non-significant decreasing influence is 
visible. 
 
Influence of the film orientation 
Based upon the graphs above, one can conclude that the tensile strength in the 
transverse direction is considerably higher than in the machine direction.  
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4. 1. 3. d Plastic strain at maximum load and at fracture 
The plastic strain at maximum load was obtained by subtracting the elastic strain 
from the total strain at that point. This elastic strain component was calculated by 
dividing the maximum nominal stress (which is by definition the tensile strength) by 
the Young’s modulus. 
 
 Because of the typical shape of the stress-strain curves for MD as well as TD 
(Figure 4-3), the plastic strain at maximum load deviated only very little or even not 
at all from the plastic strain at fracture. Therefore only the plastic strain at maximum 
load will be reported here. 
Influence of the loading rate 
The relevant sample means to asses the loading rate influence are shown in the 
column bar graph in Figure 4-10. As mentioned earlier the error bars denote the 
standard deviation. For the 50 mm/min samples in machine as well as transverse 
direction no standard deviation could be calculated since of the two available 
specimens in each sample one had to be discarded because its plastic strain value 
completely deviated. 
 
 
Figure 4-10 Influence loading rate on plastic strain at maximum load. 
There is no significant influence on the plastic strain at maximum load within the 
applied loading rate range. 
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Influence of the curing temperature 
The relevant sample means and standard deviations to asses the curing temperature 
influence are shown in the column bar graph in Figure 4-11. 
 
Figure 4-11 Influence curing temperature on plastic strain at maximum load. 
Over the tested range, the curing temperature has no significant influence on the 
plastic strain at maximum load. 
 
Influence of the film construction 
The relevant sample means and standard deviations to asses the film construction 
influence are shown in the column bar graph in Figure 4-12. 
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Figure 4-12 Influence film construction on plastic strain at maximum load. 
The plastic strain at maximum load exhibits a slightly increasing trend with 
increasing film thickness, but it is not significant when taking into account the 
dispersion of the results. 
 
From the comparison of the PET+HC_4 with the RPET_4 samples as well as the 
FG_4 samples with the PET+PSA_4 samples, it follows that in general (only 
exception occurring for the samples PET+PSA_4 and FG_4 in MD) the presence of 
hard coat slightly increases permanent strain at maximum load, yet not significantly 
considering the spread. 
 
By comparing the PET+PSA_4 and the FG_4 samples with the RPET_4 and the 
PET+HC_4 samples respectively, it can be concluded that the presence of PSA 
slightly increases total elongation but not significantly taking into account the spread 
of the results. 
 
Influence of the film orientation 
If one looks at the above graphs, it can be seen that the plastic strain at maximum 
load is substantially higher for the machine direction than for the transverse 
direction.  
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4. 1. 3. e Conclusion 
From the above summarized results the following conclusions can be drawn. First of 
all it is clear that, at least within the tried range, the loading rate has no (significant) 
influence on the investigated material parameters. Also, curing at temperatures up to 
50°C has no influence on these parameters. 
 
The film thickness as well as the presence of PSA and/or HC has some influence on 
the investigated parameters. Of the tested PET-film constructions only 4 mil raw 
PET, 7 mil raw PET and 4 mil finished good are of relevance for the rest of this 
work. All three of them were used in dynamic impact tests (Chapter 6) and the 4 mil 
finished good in particular was also used for the static characterization tests of the 
PSA (Chapter 5). Therefore we will limit the further discussion to these 
constructions. 
 
Finally, the film orientation has a considerable influence on all the investigated 
parameters. Therefore film orientation will be a parameter to always consider. 
 
Consequently, we conclude with the following overview of the characteristic 
parameters for 4 mil raw PET, 7 mil raw PET and 4 mil finished good, each time in 
machine and transverse direction (Table 4-1). 
Table 4-1 Characteristic tensile properties. 
RPET_4 RPET_7 FG_4 
Parameter 
MD TD MD TD MD TD 
Young’s modulus [MPa] 5096 6513 5123 6462 5235 6122 
Yield strength [MPa] 110 110 110 110 110 110 
Tensile strength [MPa] 167 227 165 212 176 225 
Plastic strain at max load [%] 107 70 125 78 117 89 
 
With this information we were able to build the finite element model of the PET-
film, as a next step in the modeling of the complete construction of glass fitted with 
safety window film.  
4. 1. 4 Finite Element Model (FEM) 
Material model 
In view of the obtained test results (4. 1. 3. e), no strain rate or temperature 
dependence was incorporated in the material model. 
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Based on the characteristic nominal stress-strain curves (Figure 4-3) it was clear that 
an elastic-plastic material model would be required. Because Abaqus requires true 
stress and strain for defining a plastic material model, the first thing to do was to 
convert the nominal stress and strain to their true equivalent [3]. This is done by 
using the following formulas: 
 )1ln( nomtrue εε +=  (4.1) 
 )1( nomnomtrue εσσ +=  (4.2) 
With nomε  the nominal strain, nomσ  the nominal stress, trueε  the true (or 
logarithmic) strain and trueσ  the true (or Cauchy) stress.  
 
The use of equation (4.2) assumes that the material exhibits an incompressible 
deformation behavior. For the plastic deformation this is a common assumption. 
Also for the elastic contribution, though this deformation is not incompressible 
(Poisson’s ratio = 0.38 (2.3.1) < 0.5), the introduced error is acceptable since the 
elastic deformation is so small in comparison with the plastic deformation. 
 
This results in true stress-strain curves, again with distinctive shapes for MD and TD 
(Figure 4-13). The curves are taken for a representative MD and TD specimen of 4 
mil raw PET. 
 
Figure 4-13 Characteristic true stress-strain curves 4 mil raw PET MD versus TD. 
So obviously the PET-film behaves anisotropically, as was already clear from the 
results described under 4. 1. 3For both the MD and TD curve we can clearly 
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distinguish an elastic part ending at a yielding point, followed by a region 
characterized by plastic hardening behavior and finally fracture at the end of the 
curve. Whereas for the elastic part up till the yielding point the curves for MD and 
TD almost coincide, from the yielding point on the curves considerably diverge. 
 
Nevertheless, we opted to model its behavior as completely isotropic because no 
anisotropic plastic hardening model is provided within Abaqus [4]. That leaves no 
other possibility than implementing a user-defined subroutine material model, which 
would lead us too far. Therefore we used an average between the MD and TD 
behavior.  
 
The tensile properties of the three PET-film constructions which are relevant for the 
rest of this work (Table 4-1), were converted to true stress and strain values where 
necessary (only for large strains, thus only for tensile strength and plastic strain at 
maximum load) and averaged between machine and transverse direction as 
summarized in Table 4-2.  
Table 4-2 PET-film Abaqus model parameters. 
RPET_4 RPET_7 FG_4 
Parameter average 
MD-TD 
average 
MD-TD 
average 
MD-TD 
Young’s modulus [MPa] 5805 5793 5679 
Yield strength [MPa] 110 110 110 
Tensile strength [MPa] 366 374 404 
Plastic strain at max load [%] 63 69 71 
 
Based on these values the elastic and the plastic region were fitted separately with 
straight lines. Globally this resulted in a piecewise linear fit, as shown in Figure 4-14 
for the 4 mil raw PET together with the measured behavior for two representative 4 
mil raw PET specimens, one in MD and one in TD.  
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 Figure 4-14 Comparison characteristic true stress-strain curves 4 mil raw PET with 
isotropic piecewise linear elastic-plastic material model. 
Note that in this graph the total strain is plotted, whereas Abaqus requires the 
plasticity model to be defined using only the plastic strain component [3] (as given 
in Table 4-2).  
 
As could be expected from the observed nearly coinciding elastic paths for MD and 
TD (see above) the model fits very well in the elastic region. For the plastic region 
the curve runs midway between the MD and TD behavior.  
 
To incorporate the fracture at the end of the curve into the Abaqus material model a 
damage model had to be added. For this purpose the ductile damage modeling 
capability of Abaqus was used [5, 6]. It consists of a damage initiation criterion 
based on the fracture strain and a damage evolution law. 
For the PET-film the fracture strain is equal to the strain at maximum load (4. 1. 3. 
d). Since it can be expected that the material will fail as soon as the fracture strain is 
attained in the direction with the lowest fracture strain value, namely the transverse 
direction (Table 4-1), we specified the required plastic fracture strain as the plastic 
strain at maximum load for the transverse direction (Table 4-3). 
Table 4-3 PET-film Abaqus ductile damage model parameters. 
RPET_4 RPET_7 FG_4 
Parameter 
TD TD TD 
Plastic strain at max load [%] 53 58 64 
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For the damage evolution law, based on our measured curves, we assume 
instantaneous failure upon damage initiation. This corresponds with specifying a 
value of 0 for the fracture energy per unit area [6]  
 
This results in the average MD-TD elastic-plastic material model (shown in Figure 
4-14) being cut off at the fracture strain in transverse direction. This is illustrated for 
the 4 mil raw PET in Figure 4-15. 
 
Figure 4-15 Comparison characteristic true stress-strain curves 4 mil raw PET with 
isotropic piecewise linear elastic-plastic material model with damage. 
Finally, one more addition had to be made to this material model. Since the ultimate 
purpose of this PET-film material model was to model and simulate the drop weight 
impact tests (Chapter 6) the mass density had to be added to enable the model to 
take into account the inertia of the PET-film. This mass density amounts to 1350 
kg/m³ (2. 3. 1). This value is independent of the PET-film construction.  
 
Solver  
The Abaqus/Explicit solver was the preferred choice because only in 
Abaqus/Explicit the damage model could be incorporated into the PET-film material 
model. Furthermore, for the impact tests we intended to model eventually, only this 
solver was appropriate.  
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Element choice 
For the elements the choice of preference was linear, reduced integration, 
quadrilateral membrane elements (M3D4R). This choice was motivated by the very 
low thickness of the PET-film compared with its other dimensions and the fact that 
the film has a negligible bending stiffness. 
 
Finite element model tensile test 
To test its feasibility the above described model was finally implemented in a full 
model of the performed tensile test on 4 mil raw PET. This model is shown in 
Figure 4-16. 
 
Figure 4-16 Abaqus finite element model tensile test.  
It consists of a 180 mm long (corresponding with the initial grip separation) and 25 
mm wide deformable film part, meshed with membrane elements with a mesh size 
of 2 mm.  
 
As boundary conditions the left film edge is encastred and a longitudinal 
displacement (ux) of 150 mm is defined on the film edge on the right. This 
displacement is imposed in a linearly increasing manner over a time span of 18 s. In 
this way the real test speed of 500 mm/min is correctly included in the model and 
thus no problems due to an unrealistic loading rate are encountered. The other 
displacement components (uy and uz) are held at 0. 
 
Results 
This model yielded satisfying results as can be seen in Figure 4-17 and Figure 4-18. 
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Figure 4-17 Abaqus contour plot (on the deformed shape) of the plastic strain in 
longitudinal direction in the last time frame before rupture. 
The simulated deformation behavior, including the necking, corresponds well with 
the deformation seen in the real test. 
  
 
Figure 4-18 Comparison nominal stress-strain curve obtained from the Abaqus tensile test 
model with the experimental nominal stress-strain curves for 4 mil raw PET. 
The resulting nominal stress-strain curve from the Abaqus tensile test simulation, as 
desired, nearly coincides with the experimental curves in the elastic part and lies in 
between the MD and TD experimental curves in the plastic part. It also ends in 
failure approximately where the TD curve ends. 
 
From an additional simulation with a twice as rough mesh size, completely 
coinciding results were obtained, which revealed that mesh convergence was already 
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achieved for a mesh size of 4 mm. Consequently, we could conclude that mesh 
convergence would be no issue for this type of simulation when the mesh size was 
kept below 4 mm.  
 
4. 2 TEAR RESISTANCE 
These tests were intended to assess the resistance to tearing of the PET-film. This is 
a property which plays an important role when after breakage of the glass the PET-
film has to stretch to bridge the gap between the different glass fragments. There are 
different standardized test methods to determine tear resistance. We used two of 
them: ASTM D 1004-03 and ASTM D1922-06a which cover the resistance to in-
plane tear initiation and out-of-plane tear propagation respectively.  
4. 2. 1 ASTM D 1004-03 
4. 2. 1. a Test setup and program 
This test was based on ASTM D 1004-03 [7]. This is a standard test method 
designed to measure the force needed to initiate in-plane tearing in plastic film. For 
that purpose butterfly-shaped specimens with dimensions as illustrated in Figure 
4-19 are used.  
 
Figure 4-19 ASTM D 1004-03 specimen dimensions [7] 
tensile loading 
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When put under tensile loading as indicated on Figure 4-19, this specimen geometry 
produces a stress concentration at the 90° angle. Consequently, tearing will be 
initiated at that point. 
 
The tests were performed on a Zwick Z010 tensile testing machine with a 200 N-
range with pneumatically actuated grips with a degussit lining to clamp the 
specimen. 
 
Figure 4-20 ASTM D 1004-03 test setup and images showing tearing of specimen. 
The initial grip separation was set at 25 mm and the displacement rate at 50 
mm/min, as opposed to the respective 25.4 mm and 51 mm/min specified by ASTM 
D 1004-03.  
 
The tested PET-film constructions were 4 mil raw PET, 4 mil PET with hard coat, 4 
mil PET with PSA and 4 mil finished good. For each film construction 10 specimens 
were cut in both machine and transverse direction, by means of a punch die as 
prescribed by the standard. It is important to note that machine direction specimens 
(meaning more specifically specimens with preferential tearing direction in machine 
direction) have to be cut with their length oriented in transverse direction and vice 
versa.  
4. 2. 1. b Results and discussion 
Force and crosshead displacement were recorded by the controlling software of the 
tensile testing machine. From this the tear resistance was obtained as the maximum 
tearing force. 
 
The sample means and standard deviations are shown in Figure 4-21. 
 
t 
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Figure 4-21 Influence hard coat and PSA on tear resistance. 
In machine direction the maximum tearing resistance is slightly higher than in 
transverse direction. However, considering the spread, this is not significant.  
By comparing the RPET_4 and PET+HC_4 samples with the PET+PSA_4 and 
FG_4 samples respectively, it can be observed that the PSA slightly increases the 
maximum tearing resistance, though, in comparison with the spread, not enough to 
be significant.  
Also the hard coat has no significant influence (compare RPET_4 with PET+HC_4 
samples and PET+PSA_4 with FG_4 samples).  
4. 2. 2 ASTM D1922-06a 
4. 2. 2. a Test setup and program 
The ASTM D 19220-06a standard test method [8] covers the determination of the 
average force to propagate out-of-plane tearing through a specified length of plastic 
film. Consequently, the specimens have to be provided with an initial slit and 
dimensions as shown in Figure 4-22 to ensure a constant tearing length regardless of 
the tear direction.  
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Figure 4-22 ASTM D 1922-06a specimen dimensions [8]. 
The application of the initial slit and the actual testing is performed with an 
Elmendorf pendulum impulse tearing tester (Figure 4-23). The specimen is held on 
one side by a clamp mounted on the pendulum weight and on the other side by a 
stationary clamp. Acting by gravity, the pendulum weight swings through an arc, 
hereby tearing the specimen in two. The height the pendulum reaches after tearing 
the specimen is a measure of the loss in energy. 
 
Figure 4-23 ASTM D 1922-06a test setup 
The tested PET-film constructions are: 4 mil raw PET, 4 mil PET with hard coat and 
4 mil PET with PSA. For each film construction, 15 specimens were cut with 
preferential tearing direction (thus along specimen’s axis of symmetry) both in 
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machine and transverse direction. They were cut with a Stanley cutter on a cutting 
mat using a steel cutting template.  
4. 2. 2. b Results and discussion 
The height the pendulum reaches after tearing the specimen was recorded by the 
testing device. From this it calculated the loss in energy, which on its turn, in 
combination with the known tearing length of 43 mm (Figure 4-22), enabled the 
calculation of the average tearing force. 
 
The available results are summarized in Figure 4-24. 
 
Figure 4-24 Influence hard coat and PSA on average tearing force. 
The average tearing force is larger in machine direction than in transverse direction. 
Also the standard deviation is relatively larger for the machine direction. 
For the hard coat no influence can be observed.  
The presence of PSA increases the average tearing force but, taking into account the 
spread, not significantly. 
4. 2. 3 Conclusion 
These results merely provide an insight in the tearing behavior of the PET-film and 
some of its influencing factors. These results were not incorporated in the finite 
element model of the PET-film (4. 1. 4). 
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4. 3 PENETRATION RESISTANCE 
The purpose of this test was to determine the resistance of the PET-film to 
perforation by glass shards which after glass failure attempt to pierce the PET-film. 
4. 3. 1 ASTM F1306-90(2002) standard 
This standard describes a standard test method to characterize films for their slow 
rate penetration resistance to a driven steel probe (Figure 4-25) [9].  
 
Figure 4-25 Penetration probe according to ASTM F1306-90 [9]. 
The specimen dimensions shall be 76 by 76 mm and at least five specimens have to 
be provided for each sample. The specimens shall be clamped in a clamping fixture 
equivalent to that depicted in Figure 4-26. 
 
Figure 4-26 Clamping fixture according to ASTM F1306-90 [9]. 
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The designated crosshead speed is 25 mm/min. 
4. 3. 2 Test setup and program 
The test setup we used was based on ASTM F1306-90. It is shown in Figure 4-27. 
 
Figure 4-27 Penetration resistance test setup.  
However, after some initial tests it became clear that we would have to make some 
changes. The use of the blunt penetration probe prescribed by ASTM F1306-90 
(Figure 4-25) in combination with the PET-films we tested, led to forces rising so 
high that the clamping mechanism failed. To remedy this problem we decided to 
replace the prescribed penetration probe with a sharper needle-like one, shown in 
Figure 4-28. 
 
Figure 4-28 Used penetration probe. 
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Three PET-film constructions were considered: 4 mil raw PET, 4 mil PET with hard 
coat and 4 mil PET with PSA. The loading rate was varied between 25 mm/min and 
500 mm/min. This resulted in six samples, for each of which ten specimens of 
approx. 10 by 10 cm were cut manually without using any template or ruler. This 
was possible because of the specific nature of the clamping fixture which leaves 
only a 35 mm radius circular part of the specimen being subjected to the test.  
4. 3. 3 Results and discussion 
Force and crosshead displacement were recorded by the tensile testing machine. The 
penetration resistance was determined as the maximum penetration force (Figure 
4-29). 
 
Figure 4-29 Influence hard coat, PSA and loading rate on penetration resistance. 
Although increasing the loading rate from 25 to 500 mm/min leads to a slight 
decrease in the penetration resistance, this influence cannot be considered significant 
compared with the spread.  
 
The hard coat slightly increases the penetration resistance, but not significantly 
when comparing the differences between the samples with the mean value and the 
dispersion of the samples. 
 
The PSA increases the penetration resistance. 
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4. 3. 4 Conclusion 
As was the case for tear resistance the obtained results from these tests are only to be 
considered as a contribution to the characterization of the resistance of the PET-film 
to penetration. They were not taken into account in the finite element model of the 
PET-film. 
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Chapter 5 STATIC CHARACTERIZATION OF PSA 
In this chapter an overview of the static characterization of the pressure sensitive 
adhesive (PSA) and more specifically of its adhesion characteristics is given. 
 
A major complication we were confronted with when attempting to characterize this 
adhesive is that it cannot be tested nor even obtained on its own. It is always 
delivered applied onto a carrier material and this construction first has to be 
mounted on a substrate material just to be able to assess adhesion. This has two 
important consequences.  
First of all, it can be expected that the adhesion (due to its chemical origin) will be 
influenced by the choice of the carrier and substrate materials. Therefore we always 
used the investigated PET-film and glass as the carrier material and the substrate 
material respectively. 
Secondly, this means that also the method used to mount the PSA with its carrier 
material (PET-film in our case) onto the substrate (glass in our case) will play a 
significant role. Therefore it was vital (for reasons of reproducibility) to adopt the 
same standardized mounting procedure throughout this research. However, as there 
was no single, univocally defined, best practice mounting procedure available 
(Chapter 2), it was not readily clear what standard procedure to use. Therefore, 
based on the available know-how at Bekaert, we devised a set of standardized 
mounting procedures (5. 1). 
 
To assess the adhesion strength of the PSA between the PET-film and glass, two 
types of quasi-static tests were conducted: peel tests (5. 2) and shear tests (5. 4). 
Based on the results of the performed peel tests a decision was made on what 
standard mounting procedure should be used in the rest of this work (5. 3).  
Finally a finite element model of the PSA was built. It was calibrated based on the 
shear test results and validated by means of the peel test results (5. 6).  
5. 1 POSSIBLE MOUNTING PROCEDURES 
As explained above, because no best practice mounting procedure was available we 
had to define some standard mounting procedures ourselves. They were based on the 
existing basic techniques and their known influencing parameters, which were 
explained in Chapter 2 (2. 3. 4). 
5. 1. 1 Lamination type 
As already established in Chapter 2 two lamination types exist. Below we will 
briefly describe how we implemented these two techniques in a standardized 
manner.  
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5. 1. 1. a Wet lamination 
The lamination procedure started with thorough cleaning of the glass substrate using 
isopropanol. The main purpose was to degrease the surface and to get rid of all kinds 
of dirt particles. 
 
Next, the liner of the safety window film was completely removed and both the 
surface of the PSA and of the glass were sprayed with the laminating solution. As 
the laminating solution was known to have an influence (Chapter 2) we decided in 
consultation with Bekaert to use a standardized laminating solution consisting of 
demineralized water with X100 detergent by CP films in a concentration of 15 ml/l. 
  
Then, the film specimen was placed on the glass in its whole. As was mentioned in 
Chapter 2 for wet lamination it is not so much the exerted laminating pressure that 
matters but the way it is exerted. Therefore the final step was to manually squeegee 
out the laminating solution by means of a squeegee tool (Figure 5-1).  
 
Figure 5-1 Wet lamination: squeegeeing (example for peel test specimen preparation). 
This step is crucial for the success of the wet lamination technique. This was 
demonstrated by the fact that with this technique consistent peel test results (low 
spread and smooth peel force curves) were obtained (5. 2. 4) whereas initial trial 
tests where no squeegeeing was performed, yielded inconsistent and unreliable 
results (5. 2. 4. a). 
5. 1. 1. b Dry lamination 
As for wet lamination, cleaning with isopropanol was the first step. In this case the 
quality of the cleaning is really crucial for the success of the whole lamination 
procedure. The surface not only has to be stripped of any kind of grease or other dirt 
but also dust particles have to be removed as much as possible. This is because 
whereas in wet lamination small dirt particles (including dust) can still be removed 
to some degree by squeegeeing them out together with the laminating solution, no 
such possibility exists for dry lamination. Here everything that is caught between the 
film and the glass will stay there. 
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Next, while gradually removing the liner to avoid attracting dust particles and 
premature sticking, the film specimen was laminated onto the glass specimen using 
a rubber hand roller to ensure good contact between film and glass. This is 
illustrated for the case of the peel test specimen preparation in Figure 5-2. To avoid 
untimely sticking it was also vital to keep the film specimen under adequate tension 
and at a large enough angle to the glass. 
 
Figure 5-2 Dry lamination (example for peel test specimen preparation). 
Finally, to exert the necessary laminating pressure the same hand roller was rolled a 
couple of times over the whole specimen. It should be noted that this pressure was 
exerted manually, not by using a hand roller with standard mass and thus pressure 
(Chapter 2). From the consistence (low spread and smooth peel curves) of the peel 
test results (5. 2. 4) it was found that this technique, without a defined standard 
laminating pressure, yielded satisfying results. 
5. 1. 2 Curing: time and temperature 
After lamination the PSA has to cure to achieve adhesive bonding. As mentioned in 
Chapter 2 there are two important parameters, namely the curing time and the curing 
temperature, both of which have, within certain limits, a favorable influence on this 
adhesive bonding process. As a result there is to some extent a trade-off possible 
between the curing time and temperature.  
 
Since curing times up to 2 months, as proposed by the IWFA for the most common 
film thicknesses in this research, namely 4 and 7 mil (Chapter 2), would have caused 
inconvenient delays, it was obvious that for our research we wanted to keep the 
curing time as low as possible. However, this meant increasing the curing 
temperature and for this two restrictions had to be considered. First of all, the 
mechanical properties of the PET-film could only be guaranteed if the curing 
temperature was kept below 50°C, as demonstrated in Chapter 4. Secondly, the 
curing temperature was also limited because too high values in combination with 
wet lamination can lead to the formation of bubbles. 
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Taking into account the above, we decided to use curing at 40° C and compared it 
with curing at room temperature. For the curing times we covered a wide range 
ranging from 1 day up to 2 months. 
 
5. 2 PEEL TESTS 
Peel tests were conducted to assess the adhesive bonding strength of the PSA. The 
influence of different influencing parameters was determined. Especially the 
mounting procedure parameters were looked into, finally enabling us to make a 
well-founded decision on the standard mounting procedure (5. 3). 
5. 2. 1 Standards 
The following standard test methods were considered: 
 ASTM D2860/D2860M-04 [1]  
 ASTM D3330/D3330M-04 [2] 
 Bekaert MT-401-069 [3] 
 PSTC-101 [4] 
 
From these standards some essential information was obtained.  
Except for ASTM D2860, which uses a dead weight, all of these standards make use 
of a tensile testing machine. Different materials are proposed as substrate, e.g. 
fiberboard, steel and liner material. However, for us these are not appropriate since 
we want to use a glass substrate. 
 
Two major types of peel tests exist, depending on the peel angle, namely 90° and 
180° peel. Whereas the 180° peel test is quite straightforward to realize on a regular 
tensile testing machine, the 90° peel test requires a clamping setup for the substrate 
which is a bit more complicated. Different setups are proposed, e.g. in Bekaert MT-
401-069 a rotary drum and a sliding plate setup (Figure 5-3). 
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Rotary drum Sliding plate 
Figure 5-3 90° peel test setup configurations [3] 
5. 2. 2 Test setup 
Both the 90° and 180° peel tests were performed on a Zwick Z010 tensile testing 
machine with a 200 N-range load cell. For both types of tests the film specimen 
(acting as carrier for the PSA) was clamped by a pneumatically actuated, degussit 
lined grip (Chapter 4). 
 
20 mm wide rectangular shaped film specimens, of which the length varied 
depending on the peel angle, were used. They were cut with a Stanley cutter on a 
cutting mat, using a steel cutting template. They were mounted on rectangular 
shaped glass substrates, sized 250 by 25 mm. 
 
Assuming the PET-film specimen to exhibit no extension, the peel angle θ  (90° or 
180°) determines the velocity ratio between the peel speed vp and the crosshead 
speed of the tensile testing machine vch through the following equation [5]: 
 θcos1
1
−=ch
p
v
v
 (5.1) 
5. 2. 2. a 90° peel tests 
As no substrate clamping setup was available for 90° peel tests with a glass 
substrate, a new setup had to be created. Maintaining the 90° angle during the whole 
test was the most important requirement. Consequently, as could also be seen from 
the setups proposed in the standard test methods (5. 2. 1), it turned out to be 
inevitable to have a glass specimen which is freely movable in one direction. 
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Moreover, to avoid unwanted influencing of the results, this movement had to be as 
frictionless as possible. A few setups were put to the test. Eventually we succeeded 
in realizing such a frictionless movement by using 2 guiding wheels with ball 
bearings. An overview of the complete setup is given in Figure 5-4. 
 
Figure 5-4 90° peel test setup. 
We remark that with this test setup an extra force is introduced in the measurements 
due to the weight of the glass specimen. If the weight of the glass is named ‘G’, the 
extra force varies from 1 x G (when the centre of gravity aligns with the centre line 
between the two wheels) till approximately 2.5 x G (when the centre of gravity is 
maximally removed from the centre line between the two wheels).  
To correct for this measured extra force, the load cell was always calibrated with the 
specimen clamped between its grips and hanging freely. In this way, 1 x G is 
corrected and thus subtracted from the extra force. The influence of the remaining 
non-corrected extra force (between 0 and 1.5 G) can be neglected compared to the 
peel forces (which range between 10 and 20 N) because of the small weight of the 
glass specimens (G = ± 70 g or 0.7 N).  
 
From formula (5.1) it is clear that for a peel angle of 90° the crosshead speed had to 
be chosen equal to the desired peel speed. 
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The dimensions of the film specimens were 300 by 20 mm. The measurement peel 
path was set at 100 mm. Before and after this measurement path a pre- and post-
measurement peel path of 10 mm was defined. 
5. 2. 2. b 180° peel tests 
The clamping of the glass substrate was realized quite simply by using a regular, 
manually tightened clamp. To protect the glass, rubber pads were used between the 
glass and the grips. The setup is shown in Figure 5-5. 
 
Figure 5-5 180° peel test setup. 
For 180° peel, equation (5.1) yields that the crosshead speed had to be set at twice 
the desired peel speed. 
 
The film specimens were somewhat longer: 400 by 20 mm. With these a 
measurement peel path (meaning the length of film actually peeled off, thus only 
half the crosshead displacement for 180° peel) of at least 115 mm was realized. The 
pre- and post-measurement peel path were 5 mm long (corresponding with 10 mm 
of crosshead displacement each). 
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5. 2. 3 Test program 
Different test programs were devised to asses the influence of the following 
parameters on the adhesive bonding strength: 
 Mounting procedure 
 Peel speed 
 Mounting PSA thickness 
 Peel angle 
 Laminated surface 
These test programs and their corresponding samples are discussed below. 
 
In general five specimens were prepared per sample and they were cut from the 
same batch of 4 mil finished good. The direction in which they were cut is of no 
relevance since the PET-film is hardly loaded in these tests.  
 
Influence of the mounting procedure 
The peel speed was chosen at 50 mm/min based on the value proposed by the 
Bekaert MT-401-069 standard [3]. 
 
To assess the influence of the lamination type, we varied between dry and wet 
lamination. Curing temperature and time were kept constant at 40°C and 2 days 
respectively. This resulted in two samples. 
 
For the assessment of the influence of the curing temperature, the lamination type 
was dry lamination. The curing time was kept constant at 2 days. The curing 
temperature was varied between room temperature and 40°C. Because for the 40°C 
sample the same sample could be used as in the lamination type test program, only 
one extra sample had to be tested. 
 
In the curing time test program dry lamination was used. The curing temperature 
was kept constant at room temperature. The curing time was varied over the 
following range: 1, 2, 4 and 8 days. This yielded four samples, of which the 2 days 
sample could be taken from the curing temperature test program.  
 
One extra sample was prepared for this test program in an attempt to simulate the 
real-life mounting conditions. The lamination type was wet lamination. Curing was 
performed at room temperature during a 2-month period. 
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Influence of the peel speed 
The lamination type was dry lamination. The curing was performed at room 
temperature during 8 days. The following peel speeds were tried: 25, 50, 100, 200, 
500 and 900 mm/min. For the 50 mm/min peel speed, the same sample could be 
used as the one used for the curing time of 8 days in the curing time test program. 
Therefore five extra samples, each containing only three specimens (exception to 
general rule), had to be prepared.  
 
Influence of the mounting PSA thickness 
The lamination type was dry lamination. The curing was performed at 40°C during 2 
days.  
 
To asses this influence special 4 mil finished good test rolls with different mounting 
PSA thicknesses had to be manufactured on a pilot line. Four different mounting 
PSA thicknesses were obtained: 5, 7, 11 and 20 lbs/ream, corresponding with 8, 11, 
18 and 33 g/m² respectively in SI units (Chapter 2). This resulted in four samples.  
 
For all of these rolls, 4 mil raw PET from the same batch was used. This batch was 
different from that of the 4 mil finished good used for all the other peel tests.  
 
Influence of the peel angle and the laminated surface 
To investigate these influences, each of the above described samples was doubled 
into four samples: peel at 90° versus 180° angle and laminated on air surface (AS) 
versus tin surface (TS). 
5. 2. 4 Results and discussion 
Force and crosshead displacement were recorded during the test by the controlling 
software of the tensile testing machine. After conversion of the crosshead 
displacement to the peel path, as explained under 5. 2. 2, this resulted in graphs as 
illustrated in Figure 5-6. 
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Figure 5-6 Graph peel force in function of peel path. 
From this the average peel force was computed over the measurement peel path.  
 
Some initial measurements of the width of the specimens indicated that the 
deviations from the nominal width of 20 mm were negligibly small (< 3%). 
Consequently this value was regarded as a constant. 
 
The executed test programs enabled us to assess the following influences. For each 
influence a column bar graph is presented, showing the relevant sample means 
together with error bars denoting the standard deviation.  
5. 2. 4. a Influence of the mounting procedure 
The fact that the mounting procedure had to be specified and followed so strictly (5. 
1), is illustrated by the following result from preliminary trial tests we conducted.  
For these tests wet lamination was used but without adequate squeegeeing. As a 
result the laminating solution had not been sufficiently squeezed out and in many 
cases the entrapped water had coalesced into water bubbles which in turn resulted in 
zones where no adhesive bonding was achieved. This is illustrated in Figure 5-7 
together with the graph of the peel force showings drops corresponding with these 
zones without adhesion.  
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Figure 5-7 Entrapped water bubbles leading to zones with loss of adhesion with 
corresponding peel force graph. 
In this example curing was performed at 50°C during 32 hours. Of the different 
curing conditions tried in our preliminary tests, the conditions used in this example 
are in best agreement with the curing conditions imposed in our test program on wet 
lamination, namely curing at 40°C during 2 days. Therefore the described 
phenomenon can indeed be merely attributed to the lack of adequate squeegeeing.  
 
In our test program the following parameters were considered: lamination type, 
curing temperature and curing time. 
Influence of the lamination type 
From Figure 5-8 it can be seen that the average peel force for wet lamination is 
nearly 30 % higher than for dry lamination. The explanation for this has to be sought 
in the chemistry of the curing process and thus falls outside the scope of this PhD 
research.  
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Figure 5-8 Influence lamination type on average peel force. 
Influence of the curing temperature 
The average peel force increases with increasing temperature (Figure 5-9). This 
influence is most pronounced for 180° peeling. 
 
Figure 5-9 Influence curing temperature on average peel force. 
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Influence of the curing time 
Based on the results of the 90° peel tests (Figure 5-10), within the tried range no 
significant influence of the curing time on the average peel force can be 
distinguished. On the other hand, the average peel force does increase with 
increasing curing time for 180° peeling but there is no noticeable difference between 
the results for 1 versus 2 days and for 4 versus 8 days.  
 
Figure 5-10 Influence curing time on average peel force. 
5. 2. 4. b Influence of the peel speed 
The overall influence of the peel speed is obvious from Figure 5-11: the average 
peel force increases with increasing peel speed. This conclusion can easily be made 
for the 90° peeling and for the 180° peeling on tin surface. The results for the 180° 
peeling on air surface are less straightforward to interpret. Although the same 
increasing trend is observed, it is only present up to a peel speed of 200 mm/min.  
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Figure 5-11 Influence peel speed on average peel force. 
5. 2. 4. c Influence of the mounting PSA thickness 
As can be seen in Figure 5-12 the average peel force increases with increasing 
mounting PSA thickness. 
 
Figure 5-12 Influence mounting PSA thickness on average peel force. 
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5. 2. 4. d Influence of the peel angle 
To investigate this influence, all samples had to be considered, because for every 
90° peel angle sample, a complementary 180° peel angle sample is available. No 
specific graphs were created. Instead, the peel angle was taken into account in all 
other investigations (see above) . 
 
Based upon these graphs (Figure 5-8 till Figure 5-12), we can, in general, conclude 
that peeling under an angle of 180° creates higher average peel forces than peeling 
under a 90° angle.  
5. 2. 4. e Influence of the laminated surface 
For the examination of the influence of the laminated surface, mutatis mutandis the 
same applies as for the influence of the peel angle (5. 2. 4. d). So again this 
influence was considered in all other investigations. 
 
If one looks at the graphs of the above-mentioned investigations (Figure 5-8 till 
Figure 5-12), one can conclude that there is indeed an influence of the laminated 
surface on the average peel force. Laminating on the tin surface of the glass results 
in a higher average peel force. This corresponds with what was mentioned in 
Chapter 2. 
 
5. 3 BEST PRACTICE MOUNTING PROCEDURE 
The primary goal of the peel test program was to determine which standard 
mounting method (lamination type, curing temperature and curing time) should be 
used throughout this research. Key criteria for this were the resemblance with the 
realistic mounting conditions, used in the field, and the ease of use.  
 
In real-life applications, the safety window film is always installed using wet 
lamination (Chapter 2). After installation, the film will continuously cure till the end 
of its lifespan. Consequently, the curing time is unconstrained. The curing 
temperature is also uncontrolled, e.g. it will vary depending on the glass pane 
orientation with regard to the sun. Therefore, of the tried mounting procedures, wet 
lamination with curing at room temperature during 2 months could be expected to 
resemble the realistic conditions the best. 
 
Unfortunately, due to practical objections, we could not use these specifications for 
all our tests. First of all, because a curing procedure taking 2 months would have 
delayed the research. And, secondly, for small specimens this method was rather 
cumbersome. 
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Based on these considerations we adopted the following approach.  
For small specimens we opted for dry lamination, cured during 2 days at a 
temperature of 40°C (DL, T40D2) because the peel test results for this method 
resemble the results for the wet lamination with 2 months of curing at room 
temperature (WL, RTM2) rather well (first two columns in Figure 5-13) while at the 
same time minimizing the curing time and improving the practicality. 
 
Figure 5-13 Overview peel test results for different possible mounting procedures (D/WL: 
dry/wet lamination, RT/T40: curing at room temperature/40°C, D2/D8/M2: 
curing time of 2 days/8 days/2 months). 
For large specimens, on the other hand, wet lamination was used with curing at 
room temperature during at least 1 month (WL, RTM1). For these specimens dry 
lamination was difficult to establish without causing air bubbles. Furthermore, 
curing at higher temperatures was impossible because of the limited dimensions of 
the available oven.  
 
5. 4 SHEAR TESTS 
To investigate the mode II failure behavior of the PSA, shear tests were conducted. 
The results were used to calibrate a finite element model of the PSA (5. 6).  
5. 4. 1 Standards 
We looked into the PSTC-107 International Standard for Shear Adhesion of 
Pressure Sensitive Tape [4]. 
Chapter 5 Static Characterization of PSA 
 
111 
This standard test method uses a steel or fiberboard substrate and a dead weight to 
shear off the carrier (Figure 5-14).  
 
Figure 5-14 PSTC-107 test setup [4]. 
No measurement of the force is available, only the time to failure. Also the substrate 
material is not appropriate. This standard test is therefore not suited for our 
purposes. 
5. 4. 2 Test setup and program 
We proposed a different test of which the test setup is schematically shown in Figure 
5-15. 
 
Figure 5-15 Schematic of shear test. 
These tests were performed on a Zwick Z010 tensile testing machine with a 10 kN-
range load cell. The film specimen was clamped by a pneumatically actuated grip 
with a degussit lining. The glass on the other hand was held by a manually tightened 
grip provided with rubber pads.  
 
The same extensometer as used for the tensile properties tests (Chapter 4) was put in 
place. One of the feeler arms was applied to the glass substrate, the other one to the 
film, just above the glass edge at a distance of about 2.5 cm (Figure 5-16).  
glass safety window film 
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Figure 5-16 Position of the top feeler arm of the extensometer. 
In this way the extensometer measured the shear displacement of the film relative to 
the glass, augmented with the elongation of the 2.5 cm long part of the film between 
the glass edge and the feeler arm of the extensometer. 
 
The complete setup is shown in Figure 5-17. 
 
Figure 5-17 Shear test setup. 
shearing 
length 
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In general the crosshead displacement rate was set at 5 mm/min and the shearing 
length was taken equal to 1 cm.  
 
Curing temperature and time were kept constant at 40°C and two days respectively. 
The lamination type was varied between dry and wet lamination and the laminated 
surface was varied between air and tin surface. This resulted in four samples, each 
containing four or five specimens.  
 
All film specimens were cut in the same direction, more specifically transverse 
direction because this is the stiffest direction (Chapter 4) from the same batch of 4 
mil finished good.  
5. 4. 3 Results and discussion 
Force and film displacement (measured by extensometer) were recorded during the 
test by the controlling software of the tensile testing machine. This resulted in force-
displacement graphs for each specimen. Two typical shapes can be distinguished 
depending on the laminated surface. The path A-B is much longer for specimens 
laminated on the tin surface (Figure 5-19) than for the ones laminated on the air 
surface (Figure 5-18). 
 
 
Figure 5-18  Typical force-displacement curve for specimens laminated on the air surface. 
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Figure 5-19  Typical force-displacement curve for specimens laminated on the tin surface. 
From these measurements the following parameters were determined: maximum 
force (5. 4. 3. a), maximum displacement (5. 4. 3. b) and work up to breakage (5. 4. 
3. c).  
 
In addition to this, pictures were made of the specimens both during the test and 
after the test. Based upon these, the typical shearing mechanisms were identified and 
investigated (5. 4. 3. d). For all of these results the influences of the lamination type 
and the laminated surface were assessed. 
5. 4. 3. a Maximum force 
Influence of the lamination type 
In Figure 5-20 a column bar graph is presented, showing the relevant sample means 
together with error bars denoting the standard deviation.  
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Figure 5-20 Influence lamination type on maximum shear force. 
It can be seen that wet lamination generates a slightly lower maximum shear force 
than dry lamination. Though, taking into account the spread of the results, this 
influence cannot be considered significant. 
Influence of the laminated surface 
As was the case for the peel test (5. 2. 4. e), for this influence no extra graph had to 
be created. It was already taken into account in the investigation of the influence of 
the lamination type (Figure 5-20). The maximum shear force is slightly higher for 
specimens laminated on the tin surface but not significantly considering the spread. 
5. 4. 3. b Maximum displacement 
Influence of the lamination type 
The necessary sample means and standard deviations are shown in Figure 5-21. 
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Figure 5-21 Influence lamination type on maximum displacement. 
Wet lamination results in lower maximum displacement values than dry lamination. 
Despite the large variation within the samples compared with the difference between 
the samples for the specimens laminated on the air surface, the influence can be 
considered significant in view of the results for the specimens laminated on tin 
surface. 
Influence of the laminated surface 
The maximum displacement is higher for specimens laminated on the tin surface 
(Figure 5-21). 
5. 4. 3. c Work up to breakage 
This is defined as the area under the force-displacement curve until point B as 
indicated in Figure 5-18 and Figure 5-19. 
Influence of the lamination type 
The sample means and standard deviations to be considered are presented in Figure 
5-22. 
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Figure 5-22 Influence lamination type on work up to breakage. 
Wet lamination results in lower work up to breakage than dry lamination. 
Analogously to the case for maximum displacement (5. 4. 3. b), this influence can be 
considered significant in view of the results for the specimens laminated on tin 
surface. 
Influence of the laminated surface 
From Figure 5-22 it can be seen that the work up to breakage is higher when the 
specimens are laminated on the tin surface.  
5. 4. 3. d Shearing mechanisms 
Influence of the lamination type 
No significant differences in the shearing mechanism for dry and wet lamination 
were found. 
Influence of the laminated surface 
From Figure 5-18 and Figure 5-19 it is clear that the force-displacement path can be 
divided in two parts. The first part, which ends at point A, is in correspondence with 
the normal force-displacement curve for film specimens subjected to tensile loading 
(Chapter 4). The point A is situated in the plastic region of the film deformation. No 
influence of the laminated surface is noticeable yet in this part of the curves.  
 
Then, from point A on, the force-displacement path depends on whether the film is 
mounted on the tin or the air surface of the glass. For film laminated on the air side 
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the continued path A-B is typically (very) short (Figure 5-18), with an abrupt end at 
point B, while for film laminated on the tin side the failure occurs more gradually 
(Figure 5-19).  
 
To identify the underlying shearing mechanisms these findings were correlated with 
pictures taken during and after testing. 
 
When approaching point A, the film starts shearing at the corners at the edge of the 
glass (Figure 5-23).  
 
Figure 5-23 Shearing originating at the corners. 
This initial shearing behavior is the result of the combination of the longitudinal 
strain of the film, imposed by the crosshead movement, and its contraction due to 
the Poisson effect. Therefore we call the shearing mechanism in this first stage 
contraction shearing. It can be noticed that, due to very small alignment errors of the 
specimen, the contraction shearing tends to be asymmetrical over the two sides. 
 
Between the points A and B, as is the case for the force-displacement path, the 
occurring mechanisms depend on the laminated surface. 
 
For specimens laminated on the air surface of the glass, some real shearing with 
debonding occurs (corresponding with path A-B), almost immediately followed by 
an instantaneous debonding (corresponding with point B). This instantaneous 
debonding accounts for the abrupt end observed in the force-displacement curves. 
 
Because of the very short time frame of the above described shearing process, no 
pictures capturing the two different stages, namely real shearing with debonding and 
instantaneous debonding, could be made. Fortunately, after completion of the test, 
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the sheared off film had a specific texture, showing traces of all the involved 
shearing mechanisms (Figure 5-24). 
 
Figure 5-24 Shearing pattern typical for air surface. 
For specimens laminated on the tin surface of the glass, only real shearing with 
debonding (corresponding with path A-B) is observed. This process continues until 
failure and results in a more gradual progress of damage (Figure 5-25), as was also 
evident from the force-displacement curve, and thus in the absence of instantaneous 
debonding. 
  
  
Figure 5-25 Shearing progress typical for tin surface. 
 
Also post-mortem, the different shearing mechanisms which occur, are clearly 
visible (Figure 5-26). 
instantaneous 
debonding 
contraction shearing 
real shearing 
with 
debonding 
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Figure 5-26 Shearing pattern typical for tin surface. 
 
5. 5 CONCLUSION PEEL AND SHEAR 
The influence of the mounting procedure was found to be significant both in peel 
and shear tests. In the finite element model this can only be taken into account by 
defining different PSA model parameters for each mounting procedure.  
In reality wet lamination is used but the other parameters are not controlled. In the 
impact experiments (Chapter 6), on the other hand, the best practice mounting 
procedure was used. However, this mounting procedure depended on the size of the 
specimens. Only the one used for small specimens has been applied in the shear 
tests. Therefore we decided to base the finite element model on the results obtained 
for the best practice mounting procedure for small specimens, namely dry 
lamination with curing at 40°C during 2 days. 
 
The laminated surface also has a considerable influence on peel as well as shear test 
results. Like for the mounting procedure, this influence can only be incorporated in 
the finite element model by defining different models. 
In view of the intended modeling of the performed experiments (shear, peel and 
impact experiments), where the laminated surface is known, at first sight it seems 
logical to build two models, one calibrated for air surface and one for tin surface. 
However, as the influence of this parameter turned out to be nearly inexistent in the 
impact tests (Chapter 6) and because in real life circumstances this parameter is not 
controlled, it was decided to use an average between the air and tin surface results to 
calibrate and validate the PSA model. 
contraction shearing 
real shearing 
with 
debonding 
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The loading speed influence is significant for peel. For shear this has not been 
tested.  
In a finite element model with the Abaqus/Standard solver it is impossible to take 
the actual loading speed into account. Using this implicit solver immediately 
assumes static behavior and is therefore only suited for simulating (quasi)-static 
experiments. 
In Abaqus/Explicit the speed in the model can be chosen in agreement with the one 
in the experiment. Yet, this will still only take into account the inertia effects but has 
no influence on the PSA model parameters which in Abaqus by default are 
independent of the loading rate. In reality, however, the dependence on the test 
speed is primarily determined by the properties of the PSA itself (and should 
therefore be reflected in the PSA model parameters) and only to a very limited 
degree by inertia effects. 
In reality the loading rate is an uncontrolled parameter and also in the performed 
impact experiments this rate was beyond our control. For the shear tests used to 
calibrate and the peel tests used to validate the PSA model, the test speeds amounted 
to 5 and 50 mm/min respectively. Both speeds fall within the quasi-static range of 
the implicit solver and can of course also be imposed in the explicit solver, be it with 
longer calculation times as result. 
 
The influence of the mounting PSA thickness was determined for peel and found to 
be significant. This influence can only be incorporated in the finite element model 
by defining different PSA model parameters for each thickness. 
Both in real life as in the experiments this thickness is under control and equal to a 
certain standardized value. Therefore it is natural to simply calibrate and validate the 
PSA model based on the results of shear and peel tests performed on this standard 
mounting PSA thickness. 
 
The peel angle also has a considerable influence. This can be accounted for in the 
finite element simulations by modeling the peeling at the same angle as in the 
corresponding experiments.  
 
Based on the conclusions stated above, the following values had to be used to 
calibrate (Table 5-1) and validate (Table 5-2) the PSA finite element model.  
Table 5-1 Shear test results (DL T40D2, average between AS and TS). 
Maximum force [N] Maximum displacement [mm] 
304.2 6.7 
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Table 5-2 Peel test results (DL T40D2, average between AS and TS). 
 Average force [N] 
90° peel 10.9 
180° peel 18.2 
 
5. 6 FINITE ELEMENT MODEL 
5. 6. 1 Introduction on modeling an adhesive layer: cohesive 
elements/ surface behavior 
For modeling an adhesive layer with a negligibly small thickness as is the case for 
the PSA under consideration (Chapter 2), two modeling techniques are provided in 
Abaqus: cohesive elements [6] and surface-based cohesive behavior [7]. With the 
first technique the adhesive layer has to be modeled with a layer of cohesive 
elements inserted in between the bonded materials, whereas with the surface-based 
cohesive behavior technique the adhesive layer is modeled as a surface interaction 
property between the two bonded material surfaces. Both of them use a constitutive 
response defined by means of a traction-separation law.  
 
The nominal traction stress vector t consists of three components [6, 7]: a normal 
traction tn and two shear tractions ts and tt (Figure 5-27). They are defined as the 
corresponding force components divided by the original area at each integration 
point. The corresponding separations, i.e. the relative displacements between the top 
and bottom surfaces of the cohesive layer, are denoted by δn, δs and δt respectively.  
 
Figure 5-27 Decomposition of the traction stress vector in components along local 
coordinate system [6]. 
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The available traction-separation model in Abaqus consists of three parts. It initially 
assumes linear elastic behavior followed by the initiation (A) and evolution (A-B) of 
damage (Figure 5-28).  
 
Figure 5-28 Traction-separation response [6]. 
 
The elastic behavior is written in terms of a stiffness matrix that relates the nominal 
stresses to the separations across the interface. This elastic model is given by  
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with K the stiffness matrix. 
One can choose between fully coupled and uncoupled elastic behavior. In the latter 
case the off-diagonal terms in the stiffness matrix are zero.  
 
Once a damage initiation criterion is met, material damage can occur. Several 
damage initiation criteria are available. We will only discuss the one we used in our 
simulations, namely the maximum separation criterion. This criterion can be 
represented as 
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where 0nδ , 0sδ  and 0tδ  denote the peak values of the separation when the 
deformation is either purely normal to the interface or purely in the first or the 
second shear direction, respectively. These parameters have to be input in the 
Abaqus model. The symbol ‹› used in the above formula represents the Macaulay 
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brackets which signify that a pure compressive deformation state does not initiate 
damage.  
 
The damage evolution is captured by a scalar damage variable, D. It starts at a value 
of 0 at damage initiation and monotonically evolves during further loading until it 
reaches 1 at complete failure. It degrades the material stiffness in such a way that the 
traction stress components are affected according to the following equations 
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 (5.4) 
In which nt , st  and tt  are the traction stress components predicted by the linear 
elastic traction-separation law (5.2). 
 
To define the evolution of the damage variable Abaqus offers two options. It can be 
done based on energy or based on displacement. We will limit the discussion here to 
the latter. For this an effective displacement, mδ , has to be introduced 
 22
2
tsnm δδδδ ++=  (5.5) 
The first part of the definition of the damage variable evolution is the specification 
of the criterion for complete failure. In terms of displacement this means that one 
has to specify 0m
f
m δδ − , i.e. the effective displacement at complete failure, fmδ , 
relative to the effective displacement at the initiation of damage, 0mδ  (Figure 5-28).  
The second part concerns the specification of the nature of the damage variable 
evolution between damage initiation and complete failure. Again different 
possibilities for this exist. Here we only give the one used in our simulations, 
namely linear softening damage evolution. In this case the damage variable evolves 
according to the following expression 
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With maxmδ  referring to the maximum value of the effective displacement attained 
during the loading history. 
 
By default, at complete failure, meaning for a cohesive element D=1 at all its 
integration points and none in compression and for surface-based cohesive behavior 
D=1 at a node, the cohesive bond is permanently lost. For the cohesive element, 
Chapter 5 Static Characterization of PSA 
 
125 
which by that time has a zero stiffness, this means deletion whereas for the surface-
based cohesive behavior the node is excluded from the cohesive constraint. 
 
In Abaqus/Standard the above described stiffness degradation and failure are known 
to lead to serious convergence issues. This problem can be resolved by introducing 
viscous regularization (virtual viscous damping) in the model. This is done by 
replacing the damage variable, D, in equations (5.4) with a viscous stiffness 
degradation variable, Dv, which is defined by the following equation: 
 )(1 vv DDD −= μ&  (5.7) 
Where µ is the viscosity parameter, representing the relaxation time of the virtual 
viscous system. 
In Abaqus/Explicit no viscous regularization is needed since in this case the energy 
lumps released by the failing cohesive bonds can be dissipated by acceleration of the 
film.  
5. 6. 2 Calibration: FEM shear test 
We calibrated the finite element model based on the results from the shear tests 
because we expect mode II to be the dominant failure mode for the impact behavior 
of the glass fitted with safety window film construction. 
Geometry 
We drew a geometric model consisting of a 20 mm wide glass substrate, with a 20 
mm wide and 35 mm long filmstrip affixed to it with an overlap of 10 mm, in 
accordance with the experimental shearing length of 10 mm.  
Consequently, the free length of the filmstrip amounts to 25 mm, which corresponds 
with the correct distance between the glass edge and the top extensometer arm (5. 4. 
2). In this way the finite element model should be able to correctly take into account 
the influence of the elastic elongation of the film on the experimentally measured 
displacement values. 
The model assembly is shown in Figure 5-29. 
 
Figure 5-29 Abaqus model assembly shear test with boundary conditions.  
25
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Boundary conditions 
The glass substrate is encastred. On the free end of the film a longitudinal 
displacement (ux) is imposed. 
 
Choice modeling technique PSA 
As explained under 5. 6. 1 two techniques are available in Abaqus to model the 
PSA, namely cohesive elements and surface-based cohesive behavior. Both of them 
require the definition of a traction-separation law. 
 
Since from the conducted shear experiments no parameters could be extracted by 
means of which one can directly specify the traction-separation law, we had to 
model the performed shear test and calibrate the traction-separation law parameters 
by iteratively changing them until a good match was obtained between the 
simulation and the experimental results. 
 
To limit the number of varying parameters a set of assumptions was made.  
First of all uncoupled elastic behavior between normal and shear components is 
assumed. Therefore, the components to be input are only the Kii. In addition to this, 
all of these Kii are assumed to be equal. 
The next assumption is to choose the values of the separation at which damage 
initiates to be equal in each direction and the effective displacement at complete 
failure relative to the effective displacement at the initiation of damage also equal to 
this value: 
 0000 tsnm
f
m δδδδδ ===−  (5.8) 
Finally, linear softening damage evolution behavior is assumed. 
For a deformation which is either purely normal or purely in the first or second shear 
direction, this comes down to choosing the effective displacement at failure equal to 
twice the effective displacement at the initiation of damage and thus an isosceles 
triangle form for the traction-separation law. 
 
The above listed premises left only two independently varying input parameters 
which determine the traction-separation law: K and )( 0000 tsnm
f
m δδδδδ ===− . 
In what follows we will refer to the latter parameter as failδ .  
 
Preliminary simulation runs showed that both input parameters influenced both 
output variables, so a purely sequential calibration of each input parameter 
separately (based on its corresponding output variable) was not an option. Therefore 
a multi-stage iterative calibration approach was in order: 
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 first adapt failδ  until a good match is obtained between the experimental 
and the simulated maximum force; 
 check if the corresponding simulated maximum displacement also 
sufficiently resembles its experimental value; 
 if so, the calibration is completed; if not, choose a new value for K and 
reiterate. 
Based on the results of the exploratory simulation runs we started with a value of 80 
GPa for K and 0.054 mm for failδ . 
 
Before the actual calibration procedure could be started first the best PSA modeling 
technique had to be determined. Therefore we tried out both PSA modeling 
techniques with the settings as discussed above.  
 
For the PSA modeling technique based on cohesive elements an extra zero thickness 
part, representing the adhesive and meshed with hexahedral linear cohesive 
elements, had to be added to the model. For the surface-based cohesive behavior 
technique the adhesive was simply implemented as a surface interaction property. 
 
To enable the model to take into account the inertia of the PSA layer in view of 
modeling impact experiments with the Explicit solver, the mass density of 900 
kg/m³ (Chapter 2) was added to the material definition. However, Abaqus only 
offers this possibility when using the cohesive elements modeling technique. For 
surface-based cohesive behavior this density is not taken into account. 
 
The glass substrate was modeled as a rigid body, the film strip was modeled with 
membrane elements and the FG_4 material model as explained in Chapter 2.  
 
For the choice of the mesh size we considered the results obtained in Chapter 4, 
showing mesh convergence for the PET-film under uniaxial tensile loading from a 
mesh size of 4 mm onwards. On top of this, we wanted to have matching meshes for 
the filmstrip, the glass substrate and, in case of cohesive elements, the adhesive to 
ensure the equivalence between the two tried PSA modeling techniques. 
Considering the dimensions of the filmstrip (35 mm x 20 mm), the glass substrate 
and the adhesive (20 mm x 10 mm) we opted for a common mesh size of 2.5 mm to 
start with. 
 
Because the considered shear test is quasi-static, Abaqus/Standard was the obvious 
choice. However, as we wanted to be able to use the PSA model in other simulations 
of dynamic experiments (impact tests on glass fitted with safety window film), for 
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which only Abaqus/Explicit was appropriate, we also ran the simulation in 
Abaqus/Explicit. 
 
In Abaqus/Standard viscous regularization damping had to be added to the model to 
overcome the convergence difficulties. This was done by specifying a viscosity. We 
tried out different values for this parameter. 
In Abaqus/Explicit convergence poses no problems. The test was modeled on the 
real time scale without any mass scaling to avoid any potential influencing of the 
results. 
 
The results of these simulations are summarized in Table 5-3. 
Table 5-3 Overview results PSA modeling technique simulations. 
Solver 
 
Cohesive 
elements 
or 
cohesive 
behavior 
Viscosity 
[s] 
Maximum 
force [N] 
Maximum 
displacement 
[mm] 
Fracture 
strain 
film 
attained 
Abaqus/Standard behavior 0 302* 5* no 
Abaqus/Standard behavior 1e-6 365* 15* no 
Abaqus/Standard behavior 1e-5 378 24 yes 
Abaqus/Standard behavior 1e-4 366 17.5 no 
Abaqus/Standard behavior 1e-3 378 25 yes 
Abaqus/Standard elements 0 283* 4* no 
Abaqus/Standard elements 1e-6 286 5 no 
Abaqus/Standard elements 1e-5 285 5 no 
Abaqus/Standard elements 1e-4 286 5 no 
Abaqus/Standard elements 1e-3 290* 5.2* no 
Abaqus/Explicit behavior n/a 413 19 yes 
Abaqus/Explicit elements n/a 288 4.5 no 
*: This simulation ended due to convergence problems before complete failure 
(resulting in major drop in force) was reached. 
 
The simulations performed with cohesive elements yielded consistent results for the 
different viscosity values as well as for the two solvers. By contrast, for the 
simulations using surface-based cohesive behavior totally inconsistent results were 
obtained. Moreover, the latter results deviate considerably from the ones obtained 
with cohesive elements. In some cases even the fracture strain of the film was 
attained, suggesting that the film would fail before the adhesive, which is completely 
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contradictory to the cohesive elements simulation results as well as to the 
experimental results. 
 
Based on these results it became clear that the PSA model based on cohesive 
elements was the better choice to proceed because they are more reliable.  
 
The small deviation between the Abaqus/Standard and the Abaqus/Explicit 
simulation results for this PSA model also demonstrated that we could be confident 
that this model would also be usable when modeling impact experiments in 
Abaqus/Explicit. Furthermore, it entailed that we could choose freely between the 
Abaqus/Standard and Abaqus/Explicit solver for the calibration of the traction-
separation law. We used the Abaqus/Standard solver for this because it offered the 
advantage of much lower calculation times. 
 
Mesh convergence 
Before we could start with the calibration we first had to look into the mesh 
convergence. 
As established under the previous point we could limit ourselves to the PSA model 
based on cohesive elements with the Standard solver. The viscous regularization 
viscosity was set at 1e-6 s. 
We only had to consider the (cohesive elements) mesh of the PSA because for the 
PET-film mesh convergence was already ascertained (as explained above) and for a 
rigid body the mesh size has no influence. 
 
Starting from a value of 2.5 mm the mesh size was gradually decreased until mesh 
convergence was established. The tried mesh sizes and the corresponding results are 
shown in Table 5-4 and Figure 5-30. 
Table 5-4 Overview results mesh convergence simulations. 
PSA mesh size Maximum 
force 
Maximum 
displacement
[mm] [N] [mm] 
2.500 286 5 
1.250 276 4.2 
1.000 274 4 
0.625 273 3.9 
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Figure 5-30 Force-displacement graphs for different mesh sizes showing mesh 
convergence. 
Based on the results given in Table 5-4 and Figure 5-30 mesh convergence can be 
deemed sufficient for a PSA mesh size of 1 mm.  
 
Calibration 
In Figure 5-31 the force-displacement curve from the simulation where mesh 
convergence is reached (PSA mesh size = 1 mm), is compared with experimental 
curves typical for dry laminated specimens on air and tin surface respectively. 
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Figure 5-31 Force-displacement graph obtained from the simulation with PSA mesh size = 
1 mm, failδ = 0.054 mm and viscosity = 1e-6 s, as compared to typical 
experimental curves for dry laminated specimens on air and tin surface. 
From the above graph we can conclude that the shape of the curve is already quite 
satisfactory but the curve has to continue until larger displacements and forces.  
 
Therefore calibration adjustment was necessary. The failδ  parameter was gradually 
increased from the starting value of 0.054 mm until a good match between 
simulation and experiment was obtained. The followed adjustment scheme, together 
with the resulting values for maximum force and displacement, are given in Table 
5-5. 
Table 5-5 Overview results iterative simulations. 
failδ  Maximum 
force 
Maximum 
displacement
[mm] [N] [mm] 
0.054 274 4 
0.06 287 5.1 
0.07 307 7 
0.069 306 6.9 
0.068 304 6.6 
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The obtained results for a value of 0.068 mm for failδ , namely a maximum force of 
304 N and a maximum displacement of 6.6 mm are in very good accordance with 
the experimental average values for the chosen mounting procedure (Table 5-1). 
 
Conclusion 
In the previous point we successfully calibrated the PSA finite element model. This 
can be illustrated by the agreement between the force-displacement curve obtained 
from this calibrated finite element model and typical experimental force-
displacement curves for dry laminated specimens on air as well as tin surface 
(Figure 5-32). 
 
Figure 5-32 Force-displacement graph showing the curve resulting from the simulation 
with PSA mesh size = 1 mm, failδ = 0.068 mm and viscosity = 1e-6 s, 
compared with typical experimental curves for dry lamination on air and tin 
surface. 
 
Also, the model behavior showed a good resemblance to the real shearing behavior, 
as investigated under 5. 4. 3. d. To be able to extract images of the model behavior 
on the real time scale the simulation was rerun in Abaqus/Explicit.  
 
In the simulation the failure of the cohesive elements representing the PSA can be 
divided in two phases (Figure 5-33). 
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In the first phase, the cohesive elements gradually fail, starting from the corners. 
This corresponds with the contraction shearing and real shearing with debonding 
mechanisms seen in the experiments (5. 4. 3. d). No distinction between these two 
mechanisms can be made in the simulation.  
The second phase consists of the almost immediate failure of all remaining (active) 
cohesive elements. This corresponds with the instantaneous debonding shearing 
mechanism (5. 4. 3. d). 
 
  
 
time [s] 35.76 44.16 70.08 70.32 
 
First element 
failure at corners 
Second element 
failure at corners 
Just before 
immediate failure 
Just after 
immediate failure  
 Figure 5-33 Contour plot sequence showing gradual failing of the cohesive elements 
starting from the corners, followed by immediate failure of the still active 
cohesive elements. The glass substrate is omitted from these contour plots. 
5. 6. 3 Validation: FEM peel test 
Here we limited the modeling to 90° peel because this offers a reasonable 
approximation of mode I failure behavior. 
Modeling technique PSA 
Based on the results of the finite element modeling of the shear tests (5. 6. 2) it was 
obvious we had to use the cohesive elements PSA modeling technique with the 
settings obtained after calibration. Regarding the solver choice, Abaqus/Standard 
and Abaqus/Explicit had proven to be equivalent in the shear test modeling, with the 
shorter calculation times for the Abaqus/Standard solver making it the first choice. 
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Geometry 
The geometric model consists of a 20 mm wide and 50 mm long glass substrate, 
with an equal sized filmstrip placed on top of it. A zero thickness part, placed in 
between the glass and the film, represents the adhesive. The model assembly is 
shown in Figure 5-34. 
 
Figure 5-34 Abaqus model assembly peel test with boundary conditions.  
 
Boundary conditions 
The glass substrate is encastred. On one end of the film a displacement (uz) is 
imposed. 
 
Mesh and mesh convergence 
The glass substrate was modeled as a rigid body, the film strip was modeled with 
membrane elements and the FG_4 material model as explained in Chapter 4.  
 
Though initially we used the Abaqus/Standard as well as the Abaqus/Explicit solver, 
it became clear after a few trials that simulating the bending of the film, meshed 
with membrane elements, is not feasible with the Abaqus/Standard solver. This is 
due to the fact that these elements have no bending stiffness. Consequently, we 
decided to use only the Abaqus/Explicit solver. 
 
Since with the Abaqus/Explicit solver calculation time is quite an issue, we used 
mass scaling with a factor 1000 and time scaling with a factor 36 to reduce 
calculation times to practically workable levels for the mesh study. This most 
certainly affects the obtained results, but as in this case we just want to be able to 
compare between different meshes this is not really an issue at this point as long as 
we keep the mass and time scaling at the same values for all of these simulations. It 
20 
50
uz 
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is obvious that for the final validation of the PSA model with the optimal mesh, the 
simulation has to be run without scaling to obtain the most realistic results. 
 
As a rigid body does not exhibit mesh sensitivity, we only had to look at the mesh 
for the film and the PSA. For these two we opted to use a matching mesh. For the 
glass rigid body we used the same mesh size as for the shear test model. 
 
We started off with regular shaped meshes (for film as well as PSA) and gradually 
refined them. An example of such a mesh with mesh size = 0.5 mm is shown in 
Figure 5-35. 
 
Figure 5-35 Regular finite element mesh for film and PSA with mesh size 0.5 mm.  
The problem with these meshes is that, no matter how fine you make them, the 
cohesive elements are always loaded one row at a time and, consequently, all the 
elements on this row fail simultaneously. This phenomenon is illustrated in Figure 
5-36. 
 
Figure 5-36 Simulation behavior with the regular finite element mesh with mesh size 0.5 
mm: two subsequent time frames from the simulation are shown. 
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As a result, large amounts of energy are released simultaneously, which on its turn 
results in large peaks in the force-displacement graph (Figure 5-37). These large 
peak forces cause the plastic curling of the film noticed in Figure 5-36. 
 
Figure 5-37 Force-displacement graph resulting from the simulation with regular finite 
element mesh with mesh size = 0.5 mm. 
It is clear that this simulation is useless when trying to extract an average peel force 
from it in order to compare it with the experimental value and validate the PSA 
finite element model. 
 
We set off to look for other, better performing mesh configurations. Finally we came 
up with a V-shaped finite element mesh, as is shown in Figure 5-38 for a mesh size 
of 0.5 mm. 
 
Figure 5-38 V-shaped finite element mesh for film and PSA with mesh size 0.5 mm.  
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The underlying idea, on which this mesh shape was based, was to avoid the 
simultaneous failure of complete rows of cohesive elements. This indeed proved to 
be the case. It can be seen in Figure 5-39 that at each moment a similar situation 
occurs, with some cohesive elements at the peel front failing and some being only 
just loaded and the majority being in a stage somewhere in between these two 
extremes. 
Figure 5-39 Simulation behavior with the V-shaped finite element mesh with mesh size 
0.5 mm: two subsequent time frames from the simulation are shown. 
With this V-shaped mesh a much smoother course for the simulated peel force graph 
is obtained (Figure 5-40). The shape of this curve much better resembles the 
experimental curve (Figure 5-6). 
 
Figure 5-40 Force-displacement graph resulting from the simulation with V-shaped finite 
element mesh with mesh size = 0.5 mm. 
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Therefore we continued our mesh convergence study on this type of mesh 
configuration. The imposed peel path (=uz on Figure 5-34) was 30 mm. The 
different mesh sizes that were tried are listed in Table 5-6. For each of these 
simulations the obtained force range, excluding the start transient (covering approx. 
first 5 mm of the simulated force-displacement curve, as shown in Figure 5-40), and 
average force are given. 
Table 5-6 Overview results mesh convergence simulations. 
Mesh size Force range Average force Acceptable?
[mm] [N] [N]  
1 3 – 45 18.4 no 
0.75 7 – 28 19.3 yes 
0.5 12 – 21 17.1 yes 
0.4 12.5 – 17.5 15.8 yes 
0.3 12.5 – 16 14.5 yes 
0.2 11.5 – 13 12.8 yes 
0.1 10 – 11  10.7 yes 
 
First thing that we notice is the fact that only from a mesh size of 0.75 mm on, the 
simulations can be deemed acceptable in terms of the smoothness of the force-
displacement curve (Force range values in Table 5-6).  
 
Furthermore, we observe a poor mesh convergence for the average force within the 
tried mesh size range. In spite of this we did not pursue this mesh convergence study 
any further because the calculation times, even with the scaling applied, became too 
large (e.g. the simulation with mesh size 0.1 mm took 91 h on 4 cpus). Moreover, 
running the simulations without scaling of any kind, already proved infeasible from 
mesh sizes of 0.4 mm onwards. For this mesh size the estimated calculation time, 
even after decreasing the simulated peel path from 30 to 10 mm mounted up to 5 
days on 24 cpus. 
 
Therefore the optimal mesh size was considered to be 0.5 mm since this was the 
smallest mesh size for which we were still able to run the simulation with a 10 mm 
peel path without applying mass or time scaling within an acceptable calculation 
time (61 h on 24 cpus). 
 
Validation results 
The simulation of the model with mesh size = 0.5 mm, without mass or time scaling, 
resulted in the following force-displacement graph (Figure 5-41). As mentioned 
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before, to reduce the calculation time to a feasible level we had to shorten the peel 
path from 30 mm to 10 mm. 
 
Figure 5-41 Force-displacement graph resulting from the unscaled simulation with the 
optimal finite element mesh (V-shaped, mesh size = 0.5 mm). 
This curve shows a good agreement of the shape with the experimental curve 
(Figure 5-6). The average peel force value of 9 N resembles the experimental value 
of 10.9 N (Table 5-2) quite well. 
 
Since the PSA model which was calibrated based on mode II experiments (5. 6. 2) 
performs so well under the mode I failure typical for peel we can conclude that we 
have built a reliable finite element model of the PSA under static loading conditions. 
 
5. 7 REFERENCES 
[1] ASTM D2860/D2860M-04 Standard Test Method for Adhesion of Pressure-
Sensitive Tape to Fiberboard at 90° Angle and Constant Stress 
[2] ASTM D3330/D3330M-04 Standard Test Method for Peel Adhesion of 
Pressure-Sensitive Tape 
[3] Bekaert MT-401-069 Meetmethode peel strength 
[4] Pressure Sensitive Tape Council, 2004, Test Methods for Pressure Sensitive
Adhesive Tapes  
[5] Williams J.A., Kauzlarich J.J., 2005, The influence of peel angle on the 
mechanics of peeling flexible adherends with arbitrary load–extension 
characteristics, Tribology International, 38, 951-958 
Study of Impact on Window Glass Fitted with Safety Film 
 
140 
[6] Defining the constitutive response of cohesive elements using a traction-
separation description, Abaqus Analysis User’s Manual, version 6.8, Section
27.5.6 
[7] Surface-based cohesive behavior, Abaqus Analysis User’s Manual, version 6.8, 
Section 31.1.10 
 
Chapter 5 Static Characterization of PSA 
 
141 
 
CHAPTER 5 STATIC CHARACTERIZATION OF PSA ...........95 
5. 1 POSSIBLE MOUNTING PROCEDURES ........................................................95 
5. 1. 1 Lamination type ................................................................................95 
5. 1. 1. a Wet lamination ........................................................................ 96 
5. 1. 1. b Dry lamination ........................................................................96 
5. 1. 2 Curing: time and temperature ...........................................................97 
5. 2 PEEL TESTS.............................................................................................98 
5. 2. 1 Standards ..........................................................................................98 
5. 2. 2 Test setup..........................................................................................99 
5. 2. 2. a 90° peel tests ...........................................................................99 
5. 2. 2. b 180° peel tests .......................................................................101 
5. 2. 3 Test program................................................................................... 102 
5. 2. 4 Results and discussion .................................................................... 103 
5. 2. 4. a Influence of the mounting procedure .................................... 104 
5. 2. 4. b Influence of the peel speed.................................................... 107 
5. 2. 4. c Influence of the mounting PSA thickness ............................. 108 
5. 2. 4. d Influence of the peel angle ....................................................109 
5. 2. 4. e Influence of the laminated surface ........................................109 
5. 3 BEST PRACTICE MOUNTING PROCEDURE............................................... 109 
5. 4 SHEAR TESTS........................................................................................ 110 
5. 4. 1 Standards ........................................................................................110 
5. 4. 2 Test setup and program................................................................... 111 
5. 4. 3 Results and discussion .................................................................... 113 
5. 4. 3. a Maximum force..................................................................... 114 
5. 4. 3. b Maximum displacement ........................................................ 115 
5. 4. 3. c Work up to breakage ............................................................. 116 
5. 4. 3. d Shearing mechanisms............................................................117 
5. 5 CONCLUSION PEEL AND SHEAR............................................................. 120 
5. 6 FINITE ELEMENT MODEL....................................................................... 122 
5. 6. 1 Introduction on modeling an adhesive layer: cohesive elements/ 
surface behavior..............................................................................................122 
5. 6. 2 Calibration: FEM shear test ............................................................ 125 
5. 6. 3 Validation: FEM peel test ............................................................... 133 
5. 7 REFERENCES ........................................................................................ 139 
 
141 
 
Chapter 6 DYNAMIC CHARACTERIZATION OF GLASS, 
PET-FILM AND GLASS + SWF 
Now the static characterization of the three basic constitutive materials was 
completed, the time had come to launch the dynamic characterization.  
 
First a new test facility was conceived, designed and realized, a small-scale drop 
weight impact test setup (6. 1). It was equipped with an extensive range of 
instrumentation (6. 2). With this setup an elaborate test program was conducted (6. 
3) of which the results were employed to validate a finite element model of these 
tests on glass and PET-film (6. 4). 
6. 1 TEST SETUP 
We started from an existing small-scale drop weight test setup available at the 
Mechanics of Materials and Structures laboratory (Figure 6-1) 
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Figure 6-1 Old drop weight impact test setup. 
 
For it to be of use for our tests it required some fundamental additions and 
adaptations: 
 Adding a base support capable of supporting glass (+ SWF) specimens (6. 
1. 1); 
 Adapting the impactor to incorporate instrumentation (6. 2) and making it 
suitable for impact on glass with the correct indentors (6. 1. 2); 
 The frame can be kept but has to be attached to the wall instead of resting 
on the floor. Therefore an extra support with bigger load carrying capacity 
had to be added (6. 1. 3); 
 Adding a winching system with position feedback and a release mechanism 
(6. 1. 4). 
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6. 1. 1 Base support 
The base support is the bottom part of the impact test setup. Its main function is to 
support the specimens. To reduce the edge influence for the glass specimens a round 
shape of the specimens was chosen (Chapter 3).  
 
Since several types of specimens, different in dimensions as well as materials, had to 
be tested, the base support was designed to be modular and capable of supporting all 
these specimen types without drastic changes.  
First of all the version intended for the 235 mm radius specimens of glass, with or 
without safety window film is discussed (6. 1. 1. a). This is the base module. Based 
on this module the other versions, namely for the 50 mm radius specimens of glass, 
with or without safety window film and for the 240 mm radius PET-film specimens, 
are set up by replacing some parts with adapter parts (6. 1. 1. b) .  
6. 1. 1. a R235 glass (+ SWF) 
All components of the base support for the tests performed on 235 mm radius 
specimens of glass, with or without safety window film are shown on the exploded 
cross-section drawing in Figure 6-2. The realized setup is shown in Figure 6-3. 
  
 
Figure 6-2 Base support parts.  
 
positioning plate 
base cylinder 
glass receptor plate 
steel spacer ring 
specimen 
polypropylene ring 
polypropylene ring 
glass clamping ring 
rubber ring 
rubber ring 
cover plate 
top clamping ring 
braking foam 
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Figure 6-3 Base support realization.  
 
The following components can be distinguished from bottom to top. 
Positioning and leveling plate 
The main function of the positioning plate (Figure 6-2 and Figure 6-3) is to provide 
a level foundation platform for mounting the base cylinder on. Many holes were 
provided to have enough freedom to position the base cylinder and possibly other 
fixtures. 
 
It is crucial that the base support is positioned perfectly horizontally. Therefore the 
positioning plate had to be perfectly leveled. To realize this, first a leveling plate 
(Figure 6-3), resting on the floor with three adjustment bolts, was put in place. These 
allowed for a perfect leveling of this plate. The positioning plate was then mounted 
on top of this leveling plate with a sheet of neoprene rubber in between for shock 
absorption. The remaining space between the leveling plate and the floor was filled 
with egalizing cement.  
 
Base cylinder  
The base cylinder (Figure 6-2) is the part on which all the other parts are attached or 
placed. 
 
Two rectangular holes are available in the base cylinder providing visual access to 
the inside of the base and thus to the bottom surface of the specimens. They are 
mainly intended for filming the specimens from underneath to be able to register 
their behavior under impact (6. 2. 5). As this requires the placing of a mirror, tilted 
under 45°, underneath the specimen, sufficient height had to be provided there.  
positioning plate 
leveling plate 
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Glass receptor plate 
This plate intercepts the falling glass fragments, hereby confining the movement 
range of these fragments, which is important from a safety point of view, and also 
facilitating their removal after each test. 
 
The position of the receptor plate had to be chosen in such a way that the impactor 
has enough room to cover its free path, increased with the compression of the 
braking foam. This free path length is defined as the distance the impactor can travel 
from the point of impact on the specimen until being slowed down by the braking 
foam and is determined in 6. 1. 2. c. The maximum value for this free path length 
used in the design was 10 cm. To be able to accommodate for the compression of 
the foam, the receptor plate was therefore placed at a distance of about 13 cm below 
the position of the specimen. 
 
Polycarbonate was chosen as the receptor plate material, because of its transparency 
and favorable impact resistance properties. This transparency is needed because the 
filming from underneath will have to be performed through this plate. The impact 
resistance comes into play in the unlikely event the impactor would hit it. 
 
The main disadvantage of polycarbonate however is its very low scratch resistance 
resulting in a quickly damaged surface and therefore loss of some of its 
transparency. As it is crucial that the polycarbonate plate remains unscratched to 
ensure a good quality of the images, we applied a safety film to protect the 
polycarbonate plate. The hard coat of the latter increases the scratch resistance, in 
this way prolonging the life span of the polycarbonate plate. Moreover, we can 
suffice by simply replacing the film when it gets too scratched instead of having to 
replace the polycarbonate plate as a whole.  
 
However, during testing we noticed that after some tests not only the safety window 
film but also the polycarbonate was damaged. Therefore we replaced the 
polycarbonate with glass because of its higher hardness and thus scratch resistance. 
Again a safety window film was applied, this time at the bottom surface, simply to 
improve the impact resistance behavior by keeping the glass shards together in case 
the glass receptor plate would break.  
 
Steel spacer ring 
This ring was inserted to provide the possibility of testing specimens with larger 
thickness than the one the setup was originally designed for. 
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Polypropylene rings 
To avoid direct contact between the glass specimen and steel, the polypropylene 
rings are placed as a protection. The polypropylene material was chosen because it 
can guarantee sufficiently rigid clamping conditions. 
 
Glass clamping ring 
This ring is used to clamp the glass specimen together with the polypropylene rings 
and the steel ring onto the base cylinder. It is fastened with 12 equally spaced M8 
bolts to provide an evenly distributed clamping pressure. 
 
To avoid damaging the glass specimens during tightening of the bolts and also to 
prevent potential influencing of the test results, always the same procedure was 
followed. First all bolts were screwed hand tight. Then, one by one, in diametrically 
opposed pairs the bolts were tightened to the desired torque with an electric 
screwdriver. 
 
Cover plate 
A first function of the cover plate is to prevent glass shards from flying up in the 
environment, potentially hurting bystanders. Since the impactor has to pass through 
this plate and thus a hole has to be provided, it has to be chosen only slightly bigger 
than the impactor itself. In this way the cover plate together with the body of the 
impactor form an impenetrable barrier for the glass fragments resulting from the 
impact. 
 
Another important function of the plate is to stop the impactor after it has gone 
through the specimen. To achieve this, a block of energy absorbing foam is placed 
on top of the cover plate. This is further discussed in the following point. 
 
Polycarbonate is chosen because of its combination of high impact resistance and 
transparency. The transparency permits a view of what happens inside and allows 
for extra lighting of the specimen to be provided from above.  
 
Braking foam 
As mentioned above the impactor has to be decelerated after breaking through the 
specimen. This is realized by using a block of foam, supported by the cover plate, 
with a hole corresponding with the one in the plate. In this way a construction is 
obtained that lets the impactor body pass freely until the top plate (Figure 6-6) of the 
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impactor hits the foam. Then the foam is compressed thereby dissipating the kinetic 
energy of the impactor until it finally comes to a halt. 
 
To determine the optimal foam material several impactor braking tests were 
conducted on the setup. These tests were all performed without any specimen in 
place, thus representing the worst case scenario for the foam. A compromise 
between energy absorption and resilience had to be found. The latter property is 
important because the deformation should be as reversible as possible to be able to 
use the same foam for repeated impact tests. 
 
The thickness has to be chosen taking into account several factors: the desired free 
path length of the impactor, the compression of the foam under impact load and the 
dimensions of the impactor. The discussion on this is postponed until 6. 1. 2. c.  
 
Rubber rings 
By means of these rubber rings direct contact between the polycarbonate cover plate 
and the glass and top clamping steel rings is avoided. The elastic deformation of the 
rubber softens the clamping conditions for the cover plate.  
To ease the assembly the lower rubber ring was glued to the glass clamping ring and 
the upper rubber ring to the top clamping ring. 
 
Top clamping ring 
Its sole purpose is to keep the cover plate in place. For this there is no need for a 
large clamping force nor does it need to be evenly distributed. Therefore, and also 
because it saves time for each test execution, only 3 or 4 M6 bolts were used to 
fasten this ring, despite the fact that 12 holes were provided.  
6. 1. 1. b R50 glass (+ SWF) and R240 PET-film 
As mentioned earlier, the base support described under 6. 1. 1. a is the version 
intended for the R235 glass (+ SWF) specimens. Below the necessary modifications 
to support R50 glass (+ SWF) and R240 PET-film specimens are discussed. 
 
R50 glass (+ SWF) 
This version of the base support requires a second clamping plate, which is placed in 
the base cylinder and clamped by means of the glass clamping ring, to accommodate 
for the 50 mm radius specimens. Also the large polypropylene and steel rings are 
replaced by smaller ones and a new smaller sized glass clamping ring has to be 
added. This is illustrated in Figure 6-4.  
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Figure 6-4 Base support with R50 glass (+ SWF) adapter parts.  
The function of these rings is the same as for the R235 specimens. 
 
R240 PET-film 
For this version of the base support only the polypropylene rings and the steel spacer 
ring of the R235 version have to be replaced. An 11 mm thick steel spacer ring is 
inserted just above the base to compensate for the much lower thickness of the PET-
film compared to the glass. To be able to clamp the film in a way that it is not just 
supported and prevented from moving upwards but also from slipping from between 
the clamping surfaces, 4 mm thick rubber rings are added below and above the film 
specimen. For the ease of positioning the rubber rings and for keeping them in place, 
the lower one is glued to the 11 mm thick steel spacer ring and the top rubber ring is 
glued to an extra steel spacer ring placed on top of it. The different added parts are 
shown in Figure 6-5. 
 
Figure 6-5 Base support with R240 PET-film adapter parts. 
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6. 1. 2 Impactor 
In Figure 6-6 the impactor is shown with all its parts. As can be seen, it consists of a 
reused existing top part and a newly added part. 
 
Figure 6-6 Impactor parts.  
They will be discussed one by one from top to bottom, with first the reused existing 
parts followed by the newly added parts.  
6. 1. 2. a Existing parts 
The parts discussed below belong to the existing top part of the impactor which was 
already available from previous work and served as the basis for the design of the 
other parts. 
 
Top cylinder plate 
This plate is used to connect the top cylinder to the top plate. 
 
Top cylinder 
It provides the necessary length to attach the shoulders and bearings, which are 
responsible for the guidance of the impactor. In addition to this, it provides space for 
existing 
part 
new 
part 
bearing (4x) 
shoulder (4x) 
top cylinder 
top cylinder plate 
top plate 
centerpiece 
protection cap 
indentor 
force sensor 
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adding supplementary disc-shaped weights. This functionality was not used in our 
research. Nevertheless, we did use its hollow inside to our advantage to guide the 
signal wire through. 
 
Bearings  
The linear ball bearings provide linear guidance to the impactor along the rails 
attached to the frame (6. 1. 3). 
 
Shoulders 
The only function of the shoulder parts is to bridge the distance between the top 
cylinder and the bearings.  
6. 1. 2. b Newly added parts 
Indentor 
The indentor is the part of the impactor which hits the specimen. 
 
Two types were used in our tests: a hard (in 2 different lengths) and a soft version. 
 
The hard indentor is a steel cylinder with a 10 mm radius ending in a spherical tip 
(Figure 6-7). This shape is in good agreement with the shape of the indentor used in 
the static axisymmetric characterization of the glass (3. 3). However, the radius was 
doubled to match the diameter of the load cell. In this way too easy penetration of 
the specimens could be avoided. To increase the resistance against the wear 
resulting from repeated glass impacts the tip was hardened. 
 
Figure 6-7 Hard indentor. 
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The soft indentor consists of a steel carrier plate with a flat round surface, and glued 
to it, a hemispherical piece of rubberlike material. The radius of the sphere is 
approximately 28 mm. 
 
Figure 6-8 Soft indentor. 
The length of the indentors is discussed in 6. 1. 2. c. 
 
Protection cap 
Its main function is to protect the force sensor and its signal wire from flying glass 
shards. In choosing its diameter it was important to take into account the presence of 
the signal wire connection of the force sensor. 
 
Force sensor 
The force sensor is actually part of the instrumentation which will be discussed later 
(6. 2). Nevertheless, this sensor is already mentioned here because it played an 
important role in the design of the impactor. This does not concern its function as a 
measurement sensor, which will be covered in 6. 2. 1, but the fact that due to the 
specific nature of this type of sensor it has to be integrated in the impactor as a 
construction element between the indentor and the rest of the impactor. 
 
In this way the integration of the force sensor had several repercussions on the 
impactor design. It required the splitting up of the impactor in an indentor, with 
approximately the same diameter as the force sensor, and a main body, each with the 
appropriate mounting stud connections. To prevent edge loading and bending 
moments which adversely affect the quality of the measurements, the sensor had to 
be perfectly aligned with the centerpiece and the indentor [2]. Therefore parallel and 
flat mounting surfaces were required. 
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Furthermore, a protection cap had to be added with sufficiently large diameter. For 
the centerpiece part of the main body the same diameter was used. Finally, it 
demanded for some holes to be provided in the main body of the impactor to lead 
away the wire. 
 
Centerpiece 
Its main function is to connect the existing top part of the impactor to the force 
sensor and the indentor while providing the necessary length to the impactor 
(determined under 6. 1. 2. c).  
 
Its cylindrical part has the same diameter as the protection cap to facilitate the 
connection between the protection cap and the centerpiece and at the bottom it 
narrows to provide a connection for the force sensor. This transition is executed 
gradually to avoid stress concentrations. 
 
It also has to provide a safe passage to the force sensor signal wire. Therefore it is 
hollow and at the bottom four holes are provided to let the wire pass as it is not 
possible to predict exactly where the force sensor connector will be positioned after 
mounting the force sensor. In the cylindrical part four monitoring holes are 
provided. They allow us to see what happens with the wire inside the centerpiece so 
that we can intervene if necessary. 
 
Top plate 
The top plate is responsible for stopping the impactor by hitting the braking foam 
placed on top of the cover plate. To provide sufficient contact area with the foam the 
diameter of this plate it is chosen to have twice the diameter of the center piece. To 
allow for the force sensor wire to pass there is a central hole in this plate. 
6. 1. 2. c Impactor length determination 
Originally during the design phase, the length of the impactor, including the length 
of the indentor, was determined as follows. 
 
Based on a finite element simulation of impact on a 470 mm diameter sheet of 7 mil 
PET-film, encastred at its edge and using a linear elastic material model, the 
deflection at which breakage occurs was determined as the displacement for which 
the tensile strength of the film is reached. This obtained maximum deflection could 
be considered an upper boundary for all of our tests, as the 7 mil PET-film was 
expected to be the toughest material that would be tested on the test setup. However, 
since the PET-film FEM had not been fully optimized and validated at that time, we 
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did take into account a significant safety margin. As a result the desired free path 
length of the impactor was estimated at 10 cm. 
 
Assuming an initial thickness of the braking foam of only 2 cm and taking into 
account the known dimensions of the base support, the total length of the impactor 
from top plate to indentor tip had to be 16.9 cm. Within that length the indentor was 
kept as short as possible to limit its bending load as well as that of the force sensor. 
A length of 33 mm was chosen. 
As a result of these design choices the distance between the top of the protection cap 
and the tip of the indentor was fixed at a value of 22.9 mm. 
 
As soon as we started the actual testing, a few issues presented themselves for which 
adaptations had to be made.  
 
The first tests we performed were on R50 specimens of glass and glass with safety 
window film from a drop height of 20 cm. With the design foam thickness of 2 cm 
we did not only see the intended impact of the indentor on the glass but also of the 
protection cap. As this extra impact resulted in a disturbance of the post-mortem 
situation, it posed a serious issue.  
 
The protection cap impact is due to the fact that the indentor impact simply causes 
the glass (+ SWF) specimen to be pierced in its center, with the majority of the 
surrounding glass staying approximately at the same place, rather than forcing it to 
fall down after breakage. This is best illustrated with post-mortem pictures from 
tests where the protection cap impact was already avoided (Figure 6-9).  
 
 
(a) (b) 
Figure 6-9 Post-mortem pictures R50 specimens where protection cap impact was 
avoided ((a): glass only, (b): glass fitted with SWF). 
This phenomenon can be explained by the clamping boundary condition imposed on 
the specimen which upholds the glass fragments in a position near to the initial 
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position of the unbroken glass. The presence of a safety window film further 
strengthens this effect.  
 
As a direct result of this phenomenon the distance between the top of the protection 
cap and the tip of the indentor, which had a fixed value of 22.9 mm in the original 
design of the impactor (Figure 6-10), can be interpreted as the impactor path length 
(starting from the point of impact) before impact of the protection cap on the 
specimen. 
 
To remedy the protection cap impact issue, the foam thickness was increased to 
make the free path length of the impactor smaller than the path length before impact 
of the protection cap (= 22.9 mm). Based on a chosen value of 8.9 mm for the free 
path and the fixed dimensions of the original design of the impactor the necessary 
foam thickness could be determined as 120.9 mm – 8.9 mm =112 mm (Figure 6-10). 
 
Figure 6-10 Impactor and foam dimensions for the impact with hard indentor on R50 glass 
(+ SWF) specimens.  
As the R50 tests made abundantly clear, the free path length of the impactor is 
limited by the impactor path before impact of the protection cap, which in the 
original design of the impactor was fixed.  
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During the processing of the results for the R50 specimens (6. 3. 2) the chosen free 
path of 8.9 mm was found to be sufficient to break through the glass specimen, but 
not through the applied safety window film. Because of their much larger 
dimensions and thus larger deflection it could be expected that for the R235 
specimens the free path of the impactor would have to be significantly increased. 
  
Exploratory tests on R235 specimens were conducted with the free path of the 
impactor equal to the path before impact of the protection cap. Since a similar 
piercing phenomenon of the indentor was observed as for the R50 specimens, this 
path before impact of the protection cap remained equal to the distance between the 
top of the protection cap and the tip of the indentor, thus 22.9 mm in the original 
design of the impactor. 
 
These tests demonstrated that even this theoretical maximum free path of the 
original design of the impactor did not suffice to reach the deflection at failure of the 
applied safety window film, if present, of these larger specimens. Consequently, the 
impactor already hit the braking foam before the impact phenomenon on the 
specimen ended (noticeable by stabilization of the force measurement at 
approximately zero). The resulting interference of these two impact phenomena 
made the measured signals very hard to interpret. 
 
The fact that, even though the impactor had already hit the braking foam, it 
continued its downward movement, resulting first in complete failure of the 
specimen (thus of the remaining safety window film), followed closely by impact of 
the protection cap, indicated that the foam exhibited a considerable indentation at 
increased drop heights. Therefore it became obvious that foam indentation was an 
important factor to consider because it further decreased the allowable free path.  
 
Based on these findings it became clear that to resolve this issue we would have to 
make a change to the original design of the impactor itself, more in particular to the 
path before impact of the protection cap. For this purpose first of all exploratory 
tests were conducted to assess the travel distance of the impactor before breaking 
through the specimen as well as the indentation of the foam.  
 
The free path length of the impactor then had to be chosen in accordance (at least 
equal to this travel distance) to ensure that the impactor does not hit the foam before 
having broken through the specimen. Consequently, the following choices were 
made for the free path: 29.9 mm for the hard indentor and 58.9 mm for the soft 
indentor.  
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Now the minimum values for the impactor path before impact of the protection cap 
could be calculated as the sum of the chosen free path of the impactor and the 
measured foam indentation, 9.1 mm for the hard indentor from a drop height of 50 
cm and 20 mm for the soft indentor from a drop height of 70 cm. This yielded the 
following lower boundaries: 39 mm for the hard indentor and 78.9 mm for the soft 
indentor. The finally chosen values were the following: 44.9 mm for the hard 
indentor and 83.9 mm for the soft indentor. 
 
Based on these values and the known dimensions of the rest of the impactor, the 
total required length of the indentor could be determined as well as the required 
foam thickness. This is illustrated in Figure 6-11. 
 
(a) (b) 
Figure 6-11 Impactor and foam dimensions for the impact with hard (a) and soft (b) 
indentor on R235 glass (+ SWF) specimens. 
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For the hard indentor this yields a total indentor length of 55 mm and a foam 
thickness of 112 mm whereas for the soft indentor a total indentor length of 94 mm 
and a foam thickness of 122 mm are found. 
 
For the tests on R240 PET-film specimens from a drop height of 20 cm protection 
cap impact was not an issue because of the much more flexible material behavior. 
This meant that the free path of the impactor could be chosen freely. We started with 
a foam thickness of 97 mm, resulting in a free path of 42.9 mm (Figure 6-12). As 
this yielded acceptable results, this configuration was used for all these tests. 
 
Figure 6-12 Impactor and foam dimensions for the impact with hard indentor on R240 
PET-film specimens.  
6. 1. 3 Guiding frame 
The main task for the guiding frame is to provide the necessary guidance to the 
falling impactor so that it strikes the round specimens in their center. In this way 
axisymmetric loading conditions are realized for the glass specimens, thus reducing 
the edge influence (Chapter 3). 
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As can be seen in Figure 6-1, a frame with an appropriate rail guidance system for 
the impactor already existed but it was resting on the floor. Since for our test setup 
the base support had to be put underneath it, the existing frame had to be lifted and 
attached to the wall. 
 
Without the support of the floor it could be expected that the two available support 
beams would not suffice anymore to carry the entire structure. Therefore they were 
replaced with four support frameworks in the new test setup. This is illustrated in 
Figure 6-13. 
 
Figure 6-13 Adapted and repositioned guiding frame.  
The frame itself also underwent some adjustments. At the top an obsolete part was 
removed, at the bottom a new crossbeam was added to maintain the distance 
between the two vertical frame beams and the frame was cut off just below the end 
of the guiding rails. This allowed us to position the guiding frame sufficiently close 
to the base support so that the impactor is prevented from coming off the rails during 
its drop while at the same time leaving enough space between the guiding frame and 
base support to safeguard the accessibility of the latter. 
rail (2x)
support block 
(8x) 
rail guidance 
system 
frame
support framework 
(4x) 
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The rail guidance system was left unchanged. It consists of two guiding rails which 
are mounted onto support blocks with adjustable position to enable us to set the 
optimal clearance for low-friction impactor guidance.  
6. 1. 4 Winch and release mechanism (with position feedback) 
With the base support, impactor and guiding frame as outlined in the text above we 
had built a working test setup, which was used for the test program on the R50 glass 
(+ SWF) specimens. However it still had two major drawbacks. First of all it 
required two people to operate the setup: one for manually lifting and dropping the 
impactor and one for carrying out the measurements. Secondly, the manual lifting 
and dropping led to inaccuracy of the drop height. 
 
By adding a winch and release mechanism with position feedback (Figure 6-14) 
these problems were tackled. The winching mechanism with position feedback 
enables the single operator to easily position the impactor at the intended drop 
height. The release mechanism subsequently allows the same operator, now 
operating the measurement computer, to remotely trigger the drop of the impactor 
exactly from the set drop height.  
 
Figure 6-14 Winch and release mechanism with position feedback. 
The winching system consists of a winch with winch cable leading to the impactor 
via two pulleys mounted at the top of the guiding frame. 
winch 
position 
display 
displacement 
sensor 
release 
mechanism 
winch cable release rope
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The release mechanism releases the impactor as soon as the release rope is pulled. 
This rope passes trough a pulley which is on a pivot so that the releasing can be 
done in every position in the vicinity of the test setup. A cage mounted on the pulley 
prevents the rope from falling off the pulley. Attention was paid to the relative 
position of the different pulleys in order to avoid interference of the winch cable and 
the release rope.  
 
The position feedback system makes use of the same displacement sensor used for 
recording the displacement during the impact tests (6. 2. 3). 
 
6. 2 INSTRUMENTATION 
We used a lot of different instrumentation to extract as much information as possible 
from each experiment. This is important since these experiments are relatively time 
consuming and expensive. Evidently, some measurements are linked to others (e.g. 
force and acceleration impactor) or show an overlap (e.g. DIC and displacement 
sensor). This offered the opportunity to mutually compare and validate several 
measurements. 
 
Some of these measurements were used in exploratory tests only because they 
required a lot of additional preparation and processing (e.g. projection Moiré, DIC, 
strain gauges) and/or because they could be determined more accurately with 
another measuring technique. An example of the latter is the determination of the 
time of the first crack in the glass, which worked much better with the high-speed 
camera than with a microphone.  
Other measuring instruments were used during the full test program (R235 glass (+ 
SWF) and R240 PET-film) for continuous mutual validation of the different signals. 
Since we have encountered a lot of measuring problems, this was certainly a great 
advantage. 
6. 2. 1 Force sensor 
The force sensor used for our experiments is the Endevco Isotron force sensor model 
2311 with the specifications as given in Table 6-1. 
Table 6-1 Important specifications of the used force sensor Isotron 2311-1 [1]. 
Measurement range 2 kN in tension, 22 kN in compression 
Resonance frequency 75 kHz 
Sensitivity 0.2293 mV/N 
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It is a uniaxial force sensor of the Integrated Electronic Piezoelectric (IEPE) type 
[1]. In these sensors (Figure 6-15) a charge-collection electrode is sandwiched 
between quartz-crystal elements which on their turn are clamped between two 
mounting plates, held together and preloaded by an elastic stud. This ensures 
linearity by producing intimate contact between the components and also provides 
the capability for tensile force measurements. The whole is then packaged into a 
steel housing and weld-sealed [2, 3]. 
 
Figure 6-15 IEPE force sensor [3]. 
 
When axial force is applied to the sensor, the quartz crystals generate an electrostatic 
charge, which is proportional to the force applied. This high-impedance, 
electrostatic charge signal is converted within the sensor by a built-in amplifier to a 
low-impedance voltage signal which can be directly routed to the data acquisition 
device. Of course this device then has to be IEPE compatible, meaning that it can 
supply a constant current power to the sensor and filter out the resulting DC bias 
voltage in the output signal (i.e. provide AC coupled readout capability). If not, an 
extra conditioner has to be added in between to take care of this. The built-in 
conditioning also serves to minimize corruption of the measurement signal by 
extraneous noise influences [2, 3]. 
 
The fundamental difference between these piezoelectric devices and static force 
measurement devices based on strain gauges is that the electrical signal decays 
rapidly after the application of the force due to leakage of the electrostatic charge 
generated by the quartz crystals. This makes these devices unsuitable for static force 
measurements [2, 4]. 
 
From a mechanical point of view, a piezoelectric force sensor is almost as rigid as a 
comparably proportioned piece of solid steel. This results in a high resonance 
frequency, which allows it to measure the short duration and fast rise time transients 
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typical for the force signals generated by hard impact (e.g. metal on glass as in our 
tests). Furthermore, this allowed us to directly insert this sensor into the impactor 
body (6. 1. 2. b) without significantly altering the mechanical characteristics 
compared to a solid steel part [1, 4].  
 
This sensor was used in all of our tests. 
6. 2. 2 Accelerometer 
Depending on the hardness of the impact two different accelerometers were used: 
PCB 350 B02 and Kistler 8704B500. 
 
Both are IEPE axial accelerometers with a shear mode mechanical structure [5, 6]. 
Like in an IEPE force sensor (6. 2. 1) the central part of these sensors is a 
piezoelectric crystal (Figure 6-16). But, as in this case an acceleration has to be 
measured, two masses are attached to it, one on each side. Under acceleration, these 
masses cause a shear force, proportional to the acceleration, to be applied to the 
sensing crystal, which in response generates a proportional electrostatic charge. 
Similar to what happens in the IEPE force sensor, the incorporated electronics then 
convert this into a voltage signal with low impedance, which can be directly read out 
by an IEPE compatible data acquisition device [5]. 
 
Figure 6-16 Shear type IEPE accelerometer [7]. 
 
The frequency response curve of piezoelectric accelerometers is given in terms of 
the ratio of the measured acceleration (a0) over the real acceleration (ab) and has a 
typical shape as shown in Figure 6-17. 
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Figure 6-17 Typical frequency response accelerometer [8]. 
The usable frequency range is the flat area of the frequency response curve where 
this ratio can be considered constant. The definition of flat of course needs to be 
qualified and is done so by quoting the roll off of the curve in either percentage 
terms or in dB terms [7].  
 
Typically the upper limit of the 5% deviation usable frequency range lies around 1/5 
of the resonance frequency of the mounted sensor. The lower limit is determined by 
the RC time constant of the electrical circuitry. When the occurring frequencies 
exceed this usable frequency range the measurement error further increases and for 
frequencies close enough to the resonance frequency even damage can be inflicted 
to the sensor [7, 8].  
In shock accelerometers often mechanical and electrical filtering is incorporated. 
This results in a smaller usable frequency range than one would expect based on the 
mounted resonance frequency of the sensor [5]. 
 
The used shear IEPE type accelerometers enable the measurement of high-frequency 
fast acceleration transients such as those occurring during impact by featuring a high 
resonance frequency. Although this sensor type is also able to capture a slow, low-
frequency phenomenon, it cannot measure truly static acceleration (e.g. earth 
gravitation). Furthermore, this sensor construction allows for a small size and very 
low mass, which minimizes the effects of the added mass on the vibrational 
characteristics of the impactor [5]. 
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There are also important differences between the two used accelerometers. The PCB 
Shear ICP Shock Accelerometer 350B02 is truly a shock accelerometer, based on a 
ceramic piezoelectric, with built-in mechanical and electrical filtering [5]. The 
Kistler K-Shear Accelerometer type 8704B500 on the other hand is more a general 
purpose accelerometer with quartz as piezoelectric element and no internal filtering 
[6]. These differences are reflected in the specifications summarized below in Table 
6-2. 
Table 6-2 Important specifications of the used accelerometers [5, 6]. 
 PCB 350 B02 Kistler 8704B500 
Measurement range [g] 50000 500  
Usable frequency range [Hz] ±1 dB: 4 to 10000 ±5%: 1 to 10000 
Resonance frequency [kHz] ≥ 100 54 
Sensitivity [mV/g] 0.103 9.84 
 
For the hard impact test program (6. 3. 1) with the hard indentor on R235 glass (+ 
SWF), in order to avoid damaging the sensor, we had to use the PCB accelerometer 
because of its very high resonance frequency. For the soft impact test programs, 
more specifically the soft indentor on R235 glass (+ SWF) specimens and the hard 
indentor on R240 PET-film specimens, on the other hand, the Kistler accelerometer 
was preferred over the PCB because of its much higher sensitivity. No 
accelerometer was available yet during the test program on R50 glass (+ SWF) 
specimens. 
 
Different mounting techniques can be used. However, to obtain the nominal 
mounted resonance frequency (as stated in Table 6-2) and thus the broadest usable 
frequency range a direct, stud mounted coupling to a smooth surface is required [5]. 
Therefore the used accelerometers were installed on the top plate of the impactor 
using mounting studs (Figure 6-18). 
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(a) (b) 
Figure 6-18 Installation of the accelerometers: (a) PCB, (b) Kistler. 
6. 2. 3 Displacement sensor 
We used a Limes linear magnetic measurement system by Kübler, consisting of a 
sensor LI50 and a magnetic band B2 [9]. It has a 25 micron resolution and can 
measure speeds up to 16.25 m/s. It is used in combination with an electronic counter 
type 572 by Kübler. 
 
The working principle is illustrated in Figure 6-19. When the magnetic sensor is 
guided across the magnetic band, it sends out two block signals, signal A and B. 
These block signals are used to measure the displacement. The direction of the 
displacement can be determined based on the phase shift between both signals.  
 
Figure 6-19 Function principle [9]. 
Chapter 6 Dynamic Characterization of Glass, PET-film and Glass + SWF 
 
166 
Because these block signals require special processing with a count input frequency 
of at least 250 kHz a counter device had to be added. 
It has a display showing the displacement of the impactor. This is used as position 
feedback system to position the impactor at the desired drop height (6. 1. 4). In 
addition to this, it has an analogue output which was used to export the displacement 
signal to the data acquisition device for recording and further analysis.  
 
The installation of the sensor system is shown in Figure 6-20. The magnetic band is 
attached to a strip of plastic mounted on the four support blocks of the impactor rail 
guidance system. The sensor itself was attached to the upper right shoulder piece of 
the impactor. 
 
Figure 6-20 Sensor installation. 
 
Its working principle based on non-contact magnetic sensing allows for large 
tolerances on the relative position of the sensor to the magnetic band (distance 0.1 to 
2 mm and sidewards: up to 1 mm). This provides the necessary robustness of the 
measurement system for our impact application. 
 
As it was not certain if this type of sensor would be able to correctly capture the 
displacement of the impactor during impact, its measurements were first validated in 
exploratory tests by means of simultaneous digital image correlation measurements 
(6. 2. 5. b).  
 
This sensor was used for the test programs on R235 glass (+ SWF) and R240 PET-
film specimens (6. 3. 1). 
 
displacement 
sensor 
magnetic band 
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6. 2. 4 Strain gauges 
We used CEA-06-125UT-350 two-element strain gauge rosettes by Vishay Micro-
Measurements. They comprise two mutually perpendicular strain gauges. Their 
specifications are listed in Table 6-3. 
Table 6-3 Specifications strain gauges. 
Nominal grid resistance 350 Ω 
Gauge factor 2.13 
 
To measure the resistance change of a strain gauge, which is proportional to the 
occurring strain, a Wheatstone bridge circuit is used. Since we work with 
individually measuring strain gauges, they require quarter bridge completion. To be 
able to quantify the relation between the measured voltage and the occurring 
resistance change of a bridge arm, shunt calibration of the Wheatstone bridge is 
needed. This basically involves changing the resistance of one arm with a known 
amount by shunting a resistor across it.  
 
To obtain meaningful readings even when glass breakage occurs, the strain gauges 
had to be applied to the safety window film. This was done using a special type of 
glue (Pattex instant glue for plastics) as the M-BOND 200 classic strain gauge 
adhesive from Vishay Micro-Measurements did not yield good adhesion on the 
safety window film. 
 
Two positions for the strain gauge rosette were considered: in the center of the plate 
and at half radius. The rosette was oriented to measure the radial and tangential 
strain in the safety window film at that point.  
 
Exploratory tests showed the following results. 
When the strain gauge rosette was applied in the center of the specimen complete 
rupture occurred (Figure 6-21) resulting in instantaneous saturation of the signal. 
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Figure 6-21 Strain gauge rosette applied in center of the specimen. 
Applying the rosette at half radius resulted in the strain gauges surviving and 
remaining attached (Figure 6-22) and consequently meaningful signals. 
 
Figure 6-22 Strain gauge rosette applied at half radius of the specimen. 
Based on these results it was obvious that placement at half radius was the better 
choice.  
 
This instrumentation was implemented in the test program on R235 glass fitted with 
safety window film specimens (6. 3. 1), with a view to validating the finite element 
simulations of these tests. However, given the cost of one strain gauge rosette and 
the time-consuming placing and connecting, only a few test specimens of the test 
program were equipped with them. 
6. 2. 5 High-speed camera 
Due to the short duration of our experiments and the very fast crack propagation in 
glass, it is of course impossible to observe the impact behavior with the naked 
human eye. Therefore we used a high-speed camera, the Photron FASTCAM-APX 
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RS 250K. It features a 10-bit CMOS imaging sensor and is capable of very high 
frame rates up to 250000 fps. At the full resolution of 1024 x 1024 pixels the frame 
rate is limited to 3000 fps. For higher frame rates the maximum resolution reduces 
accordingly. It provides various triggering and synchronization in- and output 
possibilities. 
 
After the first test series it became obvious that is was not practical at all to have the 
high-speed images on a time base which differs from that of the measurement 
signals from the sensors. This hindered us when trying to relate high-speed images 
to time points on the measurement graphs. Moreover, the separate triggering of the 
camera on the one hand and all other instrumentation on the other hand was 
unpractical as this of course increased the probability of forgotten measurements. 
 
Therefore, we decided to use the ‘REC POS’ TTL positive block signal, indicating 
the recording duration of the camera, as trigger for the data acquisition of all 
sensors. In this way we obtained the same starting point, and thus the same time 
base, for all measurements and the high-speed images. In addition to this, the 
operator now had to perform only one single manual triggering (of the camera). 
 
We used the high-speed camera for three different measurement techniques. 
6. 2. 5. a Projection moiré 
This measurement technique, enabling the measurement of out-of-plane 
displacements based on classic projection moiré, was implemented in close 
collaboration with the Central Laboratory of Optical Storage and Processing of 
Information in Sofia, Bulgaria (CLOSPI-BAS) [10]. 
 
A fringe pattern was projected on the lower surface of the specimen, by means of a 
projection device designed and produced by CLOSPI-BAS. This projection was 
directed by a mirror through one of the observation openings of the base support.  
The high-speed camera filmed this projected fringe pattern through the other 
observation opening of the base, via a mirror placed underneath specimen. Its 
maximum frame rate of 3000 fps, attainable at the maximum resolution of 1024 by 
1024 pixels, was used. 
It should be noted that, due to the very limited range of projection and observation 
angles, only a part, ranging from the edge to a little beyond the centre of the 
specimen could be included in the measurement. However, due to the axisymmetric 
nature of both the specimen and its loading and boundary conditions, the 
displacement data derived from the observed area is representative for the 
deformation of the whole specimen. 
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The complete setup is shown in Figure 6-23. 
 
Figure 6-23 Projection moiré measurement setup. 
 
Numerical routines based on local Fourier transform were used to process the 
captured images to extract the phase and, after calibration with different objects with 
known dimensions, the out-of-plane displacements. This resulted in deformation 
profiles of the (observed area of the) specimens for each time frame. 
 
Examples of the resulting deformation profiles for a hard impact from a drop height 
of 20 cm on a R235 glass specimen, fitted with safety window film at the tensioned 
surface, are shown in Figure 6-24. Three different stages of the impact history are 
presented.  
 
From the comparison of the deformation just after penetration of the impactor (b) 
and after completion of the impact (c) one can clearly observe that except for the 
center of the specimen, where the indentor pierces through the glass and safety 
window film, the specimen springs back to its original position. This observation 
was confirmed by the post-mortem pictures and taken into account in the design of 
the impactor (6. 1. 2), more specifically for the indentor length. 
 
Chapter 6 Dynamic Characterization of Glass, PET-film and Glass + SWF 
 
171 
  
(a) (b) (c) 
Figure 6-24 Deformations of a glass specimen with safety window film: (a) before the 
penetration of the impactor, (b) after the penetration of the impactor, and (c) 
after the completion of the impact [10].  
Although this measurement method provided full-field deflection information for 
the glass specimen whereas from the displacement sensor only the displacement of 
the indentor and thus (at least in case of the hard indentor) the deflection at the 
center of the specimen could be obtained, we stopped the application of this 
technique because it required extensive processing of the obtained images as well as 
extra test preparation actions. Moreover, we wanted to be able to use the same high-
speed camera for visual observation of the crack initiation and propagation in the 
glass specimens (6. 2. 5. c). 
6. 2. 5. b Digital image correlation (DIC) 
This full-field displacement measuring technique is based on the numerical tracking 
of the displacement of speckles in consecutive digital images. The commercially 
available Vic-2D DIC software package was used for this. 
 
The DIC technique requires a random speckle pattern to be applied to the object of 
interest, in our case the impactor. The high-speed camera films the movement of the 
impactor from a position in front of the test setup, with its viewing axis 
perpendicular to the direction of the impactor movement. The complete setup 
(excluding the Hedler Daylux D04 spotlight which was positioned behind the 
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camera and provides the necessary illumination of the impactor) is shown in Figure 
6-25. 
 
Figure 6-25 Digital image correlation high-speed camera setup with detail view of the 
speckle pattern applied to impactor. 
The camera was set at a frame rate of 6000 frames per second and a 1024 x 512 
pixel resolution. 
 
Preliminary tests were conducted with this setup to cross-check the results from the 
displacement sensor. Here the triggering of the data acquisition based on the ‘REC 
POS’ signal from the high-speed camera was already implemented, resulting in 
perfectly coinciding time bases for the measured signals and the captured images. 
 
As one can see in Figure 6-26 the displacement curve obtained from the 
displacement sensor perfectly coincides with the one obtained with the DIC 
technique. 
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Figure 6-26 DIC versus Limes displacement. 
 
After having served to validate the measurement obtained from the displacement 
sensor, this technique was no longer used because the displacement sensor provided 
exactly the same information with much less processing effort and we wanted to use 
the high-speed camera for visual observation (6. 2. 5. c). 
6. 2. 5. c Visual observation 
For this purpose the high-speed camera again filmed the impact process from 
underneath, through the observation hole and by means of a mirror, placed 
underneath the specimen at an angle of 45°.  
 
As there is a trade-off between the frame rate and the resolution a compromise 
needed to be found between the two because we wanted the largest possible viewing 
window (determined by the resolution) and at the same time a sufficiently high 
frame rate to be able to capture the high-speed breakage phenomena. 
 
Another issue was the lighting. Because of the high frame rate, resulting in short 
exposure time, additional lighting had to be placed to provide sufficient exposure. 
Flicker-free spotlights were used to avoid interference with the high-speed images. 
However, one had to be equally careful to avoid overexposed areas. These resulted 
in white blind zones in the images. Especially shiny metallic surfaces but also the 
glass shards created during impact were very sensitive to this. For the metal surfaces 
spraying them with a matt paint provided a solution. Still, finding the best position 
for the lighting remained a matter of trial and error, where the slightest change could 
cause over- or underexposed areas.  
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R50 glass (+ SWF) 
One Dedocol CoolT3 spotlight was focused directly on the glass plate through the 
left observation hole. The light of the other one was reflected on to the specimen by 
the same mirror used for the camera. An overview of the high-speed camera setup is 
given in Figure 6-27. 
 
Figure 6-27 R50 glass (+ SWF) high-speed camera setup. 
Thanks to the small dimensions of the specimens it was possible to observe the 
whole specimen. For this the camera frame rate was set at 15000 frames per second 
and the resolution at 384 by 384 pixels. An example of the resulting images is 
shown in Figure 6-28. 
 
Figure 6-28 Image from high-speed camera for R50 glass (+ SWF): one can clearly 
discern the broken glass specimen with behind it the indentor and the 
protection cap. 
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R235 glass (+ SWF) 
The specimen was illuminated by two Dedocol spotlights from below (through the 
viewing hole opposite to the high-speed camera) and a Hedler Daylux D04 spotlight 
from above. The whole setup is shown in Figure 6-29. 
 
Figure 6-29 R235 glass (+ SWF) high-speed camera setup. 
 
In this case our view had to include at least the edge of the specimen and the impact 
point (center of the specimen) to be able to observe the cracking behavior of the 
glass. After some trials, 16800 frames per second and a resolution of 640 by 256 
pixels proved to be acceptable settings as we could adequately observe the impact 
behavior of a strip, starting at the edge of the specimen and extending towards 
beyond the center (Figure 6-30). Since the camera could only support these settings 
if its viewing window was landscape-oriented it had to be laid on its side. 
Chapter 6 Dynamic Characterization of Glass, PET-film and Glass + SWF 
 
176 
(a) (b) 
Figure 6-30 Images from high-speed camera for R235 glass (+ SWF) ((a): hard indentor, 
(b): soft indentor). 
 
R240 PET-film 
Both Dedocol spotlights were focused directly on the center of the specimen, 
through the two opposite observation holes (Figure 6-31). 
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Figure 6-31 R240 PET-film high-speed camera setup. 
As in this case the indentor will simply perforate the film specimen in the center, 
without affecting the rest of the specimen, it suffices to observe the immediately 
surrounding area of the center. Therefore a resolution of 384 by 368 pixels at a 
frame rate of 16800 frames per second was found to deliver satisfactory images 
(Figure 6-32). 
 
Figure 6-32 Image from high-speed camera for 240 PET-film. 
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6. 2. 6 Microphone: acoustic sensor 
This sensor was introduced in an attempt to be able to determine the exact time at 
which the first crack appears in the glass. However, as illustrated in Figure 6-33, the 
signal just showed a significant sudden increase in the noise level at the time of 
impact, continuing till the end of the breakage process or the end of the 
measurement, whichever came first. It was therefore not possible to extract any 
more detailed information from it regarding the impact event. 
 
Figure 6-33 Typical signal obtained from microphone. 
This sensor was abandoned for two reasons. First of all, it did not provide us with 
new information. The time of impact could be determined just as well from the 
displacement, force or accelerometer sensor signals (which will be discussed in 
detail in 6. 3. 2). Secondly, the microphone was quite cumbersome to position 
correctly before each test.  
6. 2. 7 Data acquisition 
It is important to emphasize the fact that, unlike for (quasi-)static measurements, the 
data acquisition of impact measurement signals with high-frequency content and 
thus requiring high sample rates is not so straightforward as one might hope for. 
This is discussed in the section below.  
 
All data acquisition was performed with National Instruments equipment. We 
started off with an M series data acquisition (DAQ) device, with which we 
encountered many problems (6. 2. 7. a). After numerous attempts to overcome these 
problems in consultation with the National Instruments support department, we 
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made the switch to a C series DAQ device (6. 2. 7. b). This finally enabled us to 
perform all the intended high-frequency measurements of the impact tests. 
6. 2. 7. a M series 
For the earliest exploratory tests one National Instruments M series DAQ device NI-
6251 in combination with a SCB-68 shielded connector block was used. It provides 
up to 16 analog input channels with a ±10 V range, 16-bit resolution and a sampling 
rate of 1 MHz to be divided over the different channels to be measured. In addition 
to this, it provides digital I/O channels which can be used for triggering the data 
acquisition. 
 
For the analog measurement system configuration the M-series offers (i) a 
differential, (ii) a referenced single-ended and (iii) a non-referenced single-ended 
mode. In differential mode only 8 input channels are available, whereas in a single-
ended mode the full 16 channels can be used. Differential mode allows for 
accurately measuring signals independent of the fact if they are grounded or floating 
(not connected to earth ground). Moreover, it minimizes the noise sensitivity by 
enabling the rejection of common-mode noise [11]. Therefore this mode was 
chosen.  
 
However, measuring floating signals requires the addition of one or more bias 
resistors. Otherwise, the source signal may float out of the maximum working 
voltage range. As these resistors have to be added in the SCB-68 by soldering and 
their number and value have to be chosen depending on the characteristics of the 
signal sources (mostly signal conditioners of which little information is known) [11], 
it proved to be more straightforward and reliable to simply provide earth grounding 
for all signal sources.  
 
The tests on the R50 glass (+ SWF) specimens were conducted with only the force 
sensor in place. There the M-series DAQ performed well. To fulfill the Shannon-
Nyquist sampling criterion, the sampling rate was chosen at 150 kHz, which is twice 
the maximum frequency of the force sensor, namely its resonance frequency of 75 
kHz (6. 2. 1). No triggering from the high-speed camera was implemented at that 
time. 
 
Unfortunately, as soon as we attempted to measure more than one signal a lot of 
problems with ghosting arose at those sampling rates. This means that one measured 
signal affects other measured signals. This can manifest itself by peaks of one signal 
popping up in other signals or, especially in case of a constant relatively high 
voltage signal, drifting away of the other (low voltage) signals. When one of the 
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signals causes its measurement channel to saturate, this issue becomes especially 
problematic. Then all other signals become completely erroneous. 
  
The main reason for this was found to be the fact that there is only one 
instrumentation amplifier (NI-PGIA) and analog-digital converter (ADC) (Figure 
6-34). A multiplexer (Mux) is used to sequentially route the input signals one by one 
to the ADC through the NI-PGIA [11]. 
 
Figure 6-34 M-series analog input circuitry [11]. 
In multichannel measurements, accuracy is affected by the settling time of this 
instrumentation amplifier in combination with the multiplexer. This settling time 
refers to the time it takes to correctly amplify the input signal before it can be 
sampled by the ADC [11]. 
Although National Instruments ensures that the NI-PGIA instrumentation amplifier 
is designed for fast settling times, so that accuracy is guaranteed even when 
measuring multiple channels at high sampling rates [11], the performed tests 
indicated differently. 
 
Several potential solutions for the ghosting problem were tried.  
 
The simplest solution of course is to connect only one sensor per M-series DAQ. To 
read out several sensors then an equal number of DAQ devices was needed. At a 
certain point we increased the number of DAQ devices to three. This effectively 
eliminated the ghosting problem.  
However, it created a new problem, namely that the triggering of all these devices 
based on the same high-speed camera ‘REC POS’ signal became very difficult to 
realize. As mentioned under 6. 2. 5, this is quite an important disadvantage because 
it results in a lack of synchronization between the high-speed images and the 
measured signals. 
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Another solution, using only one DAQ device, was to insert dummy grounded 
signals between the signal channels in the channel scan list in an attempt to shorten 
the settling time. In addition to this, care had to be taken to avoid switching from a 
channel with a large input range to one with a small input range and minimizing the 
voltage steps between subsequently scanned channels.  
This method enabled us to trigger the measurement of all channels based on the 
digital ‘REC POS’ output signal of the high-speed camera. 
Although this solution was highly recommended by the National Instruments 
support department and is also explained in the M series user manual [11] it did not 
yield acceptable results in our case. 
6. 2. 7. b C series 
After extensive consultation with the National Instruments support department 
finally the switch was made to the NI cDAQ-9172. This is an eight-slot chassis 
designed for use with C series input modules, capable of measuring a broad range of 
analog and digital signals and sensors. 
 
The main advantage of the C series analog input modules is that some of them offer 
truly simultaneous sampling of the different channels by using independent 
instrumentation amplifiers and analog-digital converters (ADC), e.g. the NI 9215 
module (Figure 6-35). Naturally, as the multiplexed sampling was at the basis of 
most if not all of the encountered measuring problems, only these simultaneous 
sampling modules were further considered for our purposes. 
 
They all offer a differential configuration of the measurement system which 
minimizes the noise sensitivity of the system and allows input signals to float within 
the common-mode limits of the modules. 
 
The used modules together with the connected sensors are discussed below. 
 
NI 9215 BNC version 
It is a 4-channel, ±10 V input range, 16-bit resolution analog input module [12].  
 
This module was used for reading out the displacement sensor via its counter device 
which has an output voltage range of ±10 V.  
 
The module has a maximum sampling rate of 100 kHz. No anti-aliasing filter is 
provided, so in principle the occurrence of aliasing artifacts from signals with 
frequencies outside the Shannon-Nyquist bandwidth of half the sampling rate cannot 
be ruled out in this case. However, due to the nature of the connected sensor no 
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problems are to be expected (this was confirmed by checking the frequency 
spectrum of the displacement sensor signal for a glass impact: only one single peak 
occurred round 0 Hz). 
 
This module has internal circuitry (a 100 kΩ resistor connected to the ground) that 
supposedly ensures that the input voltage for floating, differentially measured 
signals does not drift outside of the maximum working voltage range (Figure 6-35).  
 
Figure 6-35 Schematic of the circuitry for each channel of the NI 9215 with BNC [12]. 
From the displacement sensor’s counter device initially a floating signal was 
obtained and read out by the NI 9215. However, this resulted in saturation of the 
channel. Therefore the ground of the displacement sensor and its counter device 
were connected to the earth ground. This solved the problem.  
 
NI 9234 
It is a 4-channel, ±5 V input range, 24-bit resolution, IEPE compatible analog input 
module [13]. The latter means you can configure each channel in software for AC or 
DC input coupling. For channels set to AC coupling, you can turn the IEPE 
excitation current on or off. 
 
As its delta-sigma type ADCs require a high-frequency oversample clock to function 
properly, this module provides its own high-frequency master time base (with a 
13.1072 MHz frequency). Its maximum sampling rate depends on whether this 
internal master time base or an external master time base is used. When using the 
internal master time base with a frequency of 13.1072 MHz, the maximum sampling 
rate is 51.2 kHz whereas with an external time base a maximum of 52.734 kHz 
applies. 
 
It includes an anti-aliasing filter to obtain an accurate representation of the 
frequencies within the allowable alias-free bandwidth, limited by half the sampling 
frequency (Shannon-Nyquist). It does so by rejecting all frequencies outside this 
bandwidth.  
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This module is used for the force sensor and the accelerometer. As it is IEPE 
compatible the signal conditioners for both could be eliminated from the 
measurement setup. 
 
NI 9237  
It is a 4-channel, 24-bit resolution, half or full bridge analog input module [14]. This 
means it can read out half and full Wheatstone bridge sensors with its internal 
circuitry. To enable shunt calibration the module has a built-in precision shunt 
resistor with a software-controlled switch. 
 
Like the NI 9234 it has delta-sigma type ADCs, but with a master timebase with a 
frequency of 12.8 MHz. When using the internal master timebase, the maximum 
sampling rate is 50 kHz, with an external timebase the maximum amounts to 51.3 
kHz. Here also, an anti-aliasing filter is provided. 
 
This module was used for the strain gauges. To be able to connect a quarter-bridge 
sensor, as is the case for our strain gauges, a quarter bridge completion accessory is 
required. The NI 9945 features a resistor value of 350 Ω [15], corresponding with 
the grid resistance of the used strain gauges (Table 6-3). 
 
NI 9401 
It is an 8-channel, TTL (5V) digital input/output module [16]. 
This module was used for reading in the high-speed camera ‘REC POS’ TTL 
positive block signal. It is on the basis of this signal we triggered the measurement 
of all other signals to have the same starting point for the measured time signals and 
the high-speed images (6. 2. 5).  
 
Sampling rate 
The sampling rate has to be the same for the whole of the chassis and is thus limited 
by the lowest maximum sampling rate of the different used input modules [17].  
 
When only one delta-sigma module is used in the chassis, its master timebase is 
used to provide the clock for all other (non delta-sigma) modules in order to 
synchronize the sampling [17]. This situation occurred in tests where no strain 
gauges were used and thus the NI 9237 module was omitted. In this case the internal 
master timebase of the only remaining sigma-delta module, NI 9234, was used for 
the other module, NI 9215. This resulted in a maximum sampling rate for the whole 
chassis of 51.2 kHz (min [51.2, 100]).  
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When several delta-sigma modules are used in the same chassis, each requiring their 
high-frequency oversample clock, they have to share one single master timebase. By 
default the fastest available in the different delta-sigma modules is used [17]. In our 
case, with the NI 9215 and both the delta-sigma modules, NI 9234 and 9237, in 
place, this yielded a common master time base frequency of 13.1072 MHz and thus 
a maximum sample rate of 51.2 kHz for the whole chassis (min[51.2, 51.3, 100]).  
 
It is the above described C-series data acquisition setup that was used for the R235 
glass (+ SWF) and the R240 PET-film test programs (6. 3. 1). For all these tests the 
maximum sampling rate of 51.2 kHz was used. 
 
6. 3 EXPERIMENTS 
6. 3. 1 Test program 
In this paragraph the parameters of the originally devised samples will be discussed. 
6. 3. 1. a Constant parameters 
All glass specimens were raw cut on their air surface. The film specimens were cut 
with a Stanley cutter and a cutting template. 
 
All 4 mil and 7 mil raw PET-film material used in this test program (be it in a 
finished good SWF construction applied to a glass specimen or as such) was taken 
from the same raw PET batches of 4 and 7 mil respectively. 
6. 3. 1. b Independently varying parameters  
It is these parameters which yield the different samples. An overview of the 
complete test program with all the independently varying parameters is given in 
Table 6-4. 
Table 6-4 Overview complete test program. 
R 
[mm] 
Material Thickness 
Mounting 
procedure
Laminated 
surface 
Tensioned 
surface 
Indentor 
type 
Drop 
height 
[cm] 
# 
  
G 
[mm] 
F 
[mil] 
      
50 G 4 n/a n/a n/a AST hard 20 3 
50 G 4 n/a n/a n/a TST hard 20 3 
50 G+SWF 4 4 DL T40D2 AS AST hard 20 3 
50 G+SWF 4 4 DL T40D2 AS TST hard 20 3 
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50 G+SWF 4 4 DL T40D2 TS AST hard 20 3 
50 G+SWF 4 4 DL T40D2 TS TST hard 20 3 
50 G+SWF 4 7 DL T40D2 AS AST hard 20 3 
50 G+SWF 4 7 DL T40D2 AS TST hard 20 3 
50 G+SWF 4 7 DL T40D2 TS AST hard 20 3 
50 G+SWF 4 7 DL T40D2 TS TST hard 20 3 
235 G 6 n/a n/a n/a AST hard 50 3 
235 G 6 n/a n/a n/a AST soft 50 2 
235 G 6 n/a n/a n/a TST hard 50 3 
235 G 6 n/a n/a n/a TST soft 50 3 
235 G+SWF 6 4 WL RTM1 AS AST hard 50 3 
235 G+SWF 6 4 WL RTM1 AS AST soft 70 3 
235 G+SWF 6 4 WL RTM1 AS TST hard 50 3 
235 G+SWF 6 4 WL RTM1 AS TST soft 70 3 
235 G+SWF 6 4 WL RTM1 TS AST hard 50 3 
235 G+SWF 6 4 WL RTM1 TS AST soft 70 3 
235 G+SWF 6 4 WL RTM1 TS TST hard 50 3 
235 G+SWF 6 4 WL RTM1 TS TST soft 70 3 
235 G+SWF 6 7 WL RTM1 AS AST hard 50 3 
235 G+SWF 6 7 WL RTM1 AS AST soft 70 3 
235 G+SWF 6 7 WL RTM1 AS TST hard 50 3 
235 G+SWF 6 7 WL RTM1 AS TST soft 70 3 
235 G+SWF 6 7 WL RTM1 TS AST hard 50 3 
235 G+SWF 6 7 WL RTM1 TS AST soft 70 3 
235 G+SWF 6 7 WL RTM1 TS TST hard 50 3 
235 G+SWF 6 7 WL RTM1 TS TST soft 70 3 
240 RPET n/a 4 n/a n/a n/a hard 20 5 
240 RPET n/a 7 n/a n/a n/a hard 20 5 
 
Most of the parameters were already encountered in earlier tests (see previous 
chapters) and we were able to base our choices on this experience.  
The two indentor types were introduced in 6. 1. 2. b.  
 
For the drop height, on the other hand, we had no experience. 
When we work with subsequent impacts at increasing drop heights on the same 
specimen, the drop height at which the glass breaks will most probably exhibit a 
large spread due to the enormous strength dispersion of the glass. 
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This has several disadvantages. First of all, it only provides us with information on 
the glass, namely another manifestation of the large spread of its strength. Secondly, 
it hinders the comparison between the measurement results of different tested 
samples, intended to obtain information on the influence of the SWF and its 
parameters. Finally, it leads to an increase of the work load during the tests since the 
same specimen sometimes needs to be impacted several times. 
 
Therefore we decided to abandon the increasing drop height method and to use a 
fixed drop height for every sample. For this a series of exploratory tests was 
conducted with increasing drop heights on different types of specimens and with the 
different types of indentors. 
 
Based on the results we determined the drop height for which (almost) all specimens 
broke with the first hit, without going unnecessarily high (Table 6-5). After all, too 
large drop heights also brought along an important disadvantage, namely the fact 
that the impact becomes harder, resulting in a faster breaking process which makes 
the impact process more difficult to investigate. 
Table 6-5 Fixed drop heights, optimized for breakage probability. 
Material Radius [mm] Indentor type Drop height [cm] 
Glass and glass + SWF 50 hard 20 
 235 hard 50 
 235 soft 70 
PET film 240 hard 20 
6. 3. 2 Processing 
6. 3. 2. a Impactor mass determination 
For the processing of the experimental measurements as well as for the finite 
element simulations, which will be discussed in 6. 4, we needed to know the mass of 
the impactor. Therefore the mass of all its components is summarized in Table 6-6.  
Table 6-6 Mass of the impactor components. 
Part Mass [kg] 
Top part (top plate and up) 4.38 
Centerpiece  1.75 
Protection cap 0.62 
Hard indentor (length 33 mm) 0.06 
Hard indentor (length 55 mm) 0.13 
Steel carrier plate (1) 0.34 
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Rubberlike hemisphere (2) 0.05 
Soft indentor total (= (1) + (2)) 0.39 
Release mechanism attachment 0.33 
Force sensor 0.03 
Displacement sensor + attachment 0.14 
Accelerometer  <0.008 (*) 
(*) This mass is negligible compared to the other masses. It will therefore not be 
taken into account. 
 
For the tests on the R50 glass (+ SWF) specimens the 33 mm long hard indentor was 
used. Nor the release mechanism, nor the displacement sensor, nor the accelerometer 
were in place at that time. As a result the total mass of the impactor for these tests 
amounts to 6.84 kg. 
 
For the tests on R235 glass (+ SWF) specimens both the 55 mm long hard indentor 
and the soft indentor were used. The total mass of the impactor with hard indentor 
amounts to 7.38 kg; for the soft indentor this amounts to 7.64 kg.  
 
For the R240 PET-film specimens the same 55 mm long hard indentor was used as 
for the R235 specimens, resulting in a total impactor mass of 7.38 kg. 
6. 3. 2. b Representative processing procedure 
In this section the complete processing procedure will be expounded. Wherever 
possible we will limit the discussion of the procedure to just one example, 
representative for the whole of the processing work done. When necessary, of course 
the relevant exceptions will be stated and explained with additional examples.  
 
The processing was performed with the Mathcad engineering calculation software.  
 
First of all, the available voltage signals from the different sensors were read in. 
Using the known conversion factors (6. 2), these voltage signals from the different 
sensors were converted into the units of the physical quantities they represent. Since 
both the force sensor and the accelerometer were found to suffer from offset errors, 
the obtained force and acceleration signals were rescaled so that the force and the 
acceleration before impact equal 0 and the gravitational acceleration (g = 9.81 m/s²) 
respectively. 
 
The time of impact, timpact, was determined based on the force sensor signal by 
searching the point where the force sensor starts to record a non-zero signal. 
Although other methods can be used for this (e.g. based on the accelerometer 
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signal), the force sensor was used because it is the only sensor which was available 
in all test programs. 
 
Figure 6-36 timpact determination.  
Next, based on the displacement sensor signal (not available for the R50 test 
program) a check was performed of the found value for timpact. For this, since the 
displacement sensor signal showed a very rough course, first a best fitting curve to 
the part of this original curve before timpact had to be constructed. As in this period of 
time the impactor uniformly accelerates with the gravitation, a quadratic fitting 
curve had to be used. This is illustrated in Figure 6-37. 
 
Figure 6-37 timpact check via displacement sensor signal.  
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The further steps in the procedure were dependent on the type of impact.  
 
In case of hard impact (R235 glass (+ SWF) with hard indentor) the deviation 
between the expected displacement at timpact (= 0 m) and the value yielded by the 
quadratic fit curve was simply checked and found to be negligibly small (order of 
magnitude <1 mm). In Figure 6-37 a typical example for such a hard impact is 
shown. In this particular case the deviation amounts to 0.6 mm. 
 
In case of soft impact (R235 glass (+ SWF) with soft indentor and R240 PET-film 
with hard indentor) this deviation between the expected zero displacement and the 
value yielded by the fitted curve at timpact was considered as an offset error resulting 
from the fact that either the specimen (for the tests on PET-film) was deflected or 
the indentor (for the tests on glass (+ SWF) with soft indentor) was compressed at 
the time of setting the zero value for the displacement sensor. Therefore this offset 
was corrected as illustrated in Figure 6-38.  
 
Figure 6-38 Offset correction of displacement sensor signal.  
As a direct result also the value of the drop height of the impactor had to be 
corrected with the same offset.  
 
For the determination of the impact velocity different methods were used. Below 
they are listed in order of increasing accuracy. 
First of all, the impact velocity was estimated by calculating the theoretical velocity 
assuming a free fall from the intended (theoretical) drop height (hdrop): 
 dropimpact ghv 2=  (6.1) 
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This method neglects the effects of friction (in the guidance system as well as air 
resistance) on the movement of the impactor and also potential deviations of the 
effective drop height from the intended drop height. Nevertheless, due to the very 
limited instrumentation available at the time of the R50 test program this was the 
only usable method for these tests. 
As explained above, the introduction of a displacement sensor in the R235 glass (+ 
SWF) and R240 PET-film test programs enabled us to calculate the effective drop 
height (hdrop_eff) in case of soft impact, based on the potential offset error. With this 
effective drop height and still assuming free fall, the impact velocity could be 
calculated as: 
 effdropimpact ghv _2=  (6.2) 
Finally, the impact velocity was determined by differentiating the quadratic fit 
function of the displacement sensor signal and evaluating it at timpact. This method is 
expected to yield the most accurate results as it takes into account both the effective 
drop height and the friction losses. It is this impact velocity that was used for the 
further processing calculations and also for reporting (6. 3. 3).  
 
Next, by means of the high-speed images we determined the time frame in which the 
first cracks appeared in the glass. We denote this point in time as tcrack. This is 
illustrated in Figure 6-39, where tcrack is found to be 0.852917 s. 
  
Figure 6-39 tcrack determination based on high-speed image sequence (at 16800 fps). 
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This was not done for the R50 specimens because in that test program the high-
speed images did not yet share a single time base with the measured sensor signals.  
 
To be able to quantify the breakage progress after the initiation of the first cracks, 
two more characteristic time points were defined: the moment of complete failure of 
the specimen, indicating the end of the impact phenomenon on the specimen (tend) 
and, in case of a glass + SWF specimen, the moment of complete failure of the glass 
in the construction (tbreak). 
 
For the determination of these parameters, distinction had to be made between three 
major types of specimens. For each a typical example is given. 
 
For glass specimens only tend is applicable. It was determined as the largest 
(over)shoot through zero of the force sensor signal (Figure 6-40). An easy means to 
check the found value was to make sure that tend follows after tcrack (of course on 
condition that the latter is available). 
 
Figure 6-40 tend determination for tests on glass specimens. 
 
For PET-film specimens, as for glass specimens, only tend applies. It was found by 
looking for the (first) zero crossing of the force sensor signal (Figure 6-41).  
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Figure 6-41 tend determination for tests on PET-film specimens. 
 
Finally for glass + SWF specimens tbreak and tend were determined: tbreak as the largest 
(over)shoot through zero of the force sensor signal and tend as the point where the 
force sensor signal stabilizes. 
 
Figure 6-42 tbreak and tend determination for tests on glass + SWF specimens. 
 
Curves acceleration, velocity and displacement 
In what follows the procedure to determine the acceleration, velocity and 
displacement curves based on the available sensor signals will be explained. 
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Notice that in general this acceleration, velocity and displacement have to be 
interpreted as pertaining to the impactor movement. Only in case of a hard indentor 
these quantities can also be given the interpretation of acceleration, velocity and 
deflection of the centre of the specimen respectively. 
 
The acceleration (Figure 6-43), velocity (Figure 6-44) and displacement (Figure 
6-45) graphs presented below are taken for one single example of soft impact on 
glass fitted with safety window film, representative for the used procedure  
 
The acceleration curves (Figure 6-43) were derived both from the force sensor and, 
where available, the accelerometer signal. From the force sensor signal the 
acceleration was calculated using the following formula: 
 g
mass
FFa
impactor
−=_  (6.3) 
The accelerometer signal was numerically filtered with a low-pass filter with a 
cutoff frequency of 1500 Hz and a slope of -100 dB/decade. 
 
Figure 6-43 Acceleration curves (for a soft impact on R235 glass + SWF).  
 
The velocity curves were obtained on the one hand by integrating the acceleration 
(with known impact velocity at timpact for determining the integration constant) and 
on the other hand by differentiating the displacement sensor signal. However, due to 
the very rough course of the latter signal (Figure 6-37), the resulting derivative 
signal suffered from a lot of oscillations.  
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To remedy this it was numerically filtered with a low-pass filter. Again a slope of  
-100 dB/decade was used. For the cutoff frequency a compromise had to be found 
since lower values lead to a smoother signal curve but also result in the inability of 
the curve to follow fast velocity changes. Consequently, after some trials, it was 
decided to use 100 Hz for soft impact (R235 glass (+ SWF) with soft indentor and 
R240 PET-film with hard indentor) and 250 Hz for hard impact (R235 glass (+ 
SWF) with hard indentor).  
 
The velocity graphs are shown in Figure 6-44. 
 
Figure 6-44 Velocity curves (for a soft impact on R235 glass + SWF). 
 
Besides the displacement sensor signal itself, two more displacement curves were 
determined by integration of the velocity curves originating from the force sensor 
and the accelerometer (with known zero displacement at timpact for determining the 
integration constant). They are plotted in Figure 6-45. 
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Figure 6-45 Displacement curves (for a soft impact on R235 glass + SWF).  
From Figure 6-45 it is immediately clear that the shape of the displacement curve 
does not add much additional information. Therefore they will not be included in the 
overview of the results (6. 3. 3). 
 
Both from the bump after tend in the acceleration graph only recorded by the 
accelerometer (Figure 6-43) and the divergence between the force sensor signal and 
the other signals some time after tend in the velocity and displacement graphs (Figure 
6-44 and Figure 6-45) it is clear that some time after tend a new (impact) event 
occurs. This has nothing to do anymore with the impact on the specimen since it 
comes after tend. It was found to be the impact on the braking foam. 
 
To determine the point in time when the impactor hits the braking foam, tfoam, the 
crossing of the displacement curve with the position of the braking foam, which is 
equal to the free path of the impactor, was determined. In Figure 6-46 this is shown 
for the same example as used above for the acceleration, velocity and displacement 
graphs (Figure 6-43 - Figure 6-45).  
 
There was one complication, however. Some time after timpact the offset errors of the 
force sensor and the accelerometer, which were corrected at timpact as explained 
before, were found to appear again, resulting in a deviation between the 
displacement sensor signal and the other displacement curves (Figure 6-46). As tfoam 
typically occurs quite some time after timpact, it became clear that the displacement 
curve originating from the displacement sensor would be the most reliable one to 
base the tfoam determination on. This is illustrated in Figure 6-46. 
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Figure 6-46 tfoam determination based on displacement sensor signal. 
However, in case of the R50 glass (+ SWF) test program no displacement sensor 
was available. Therefore in this case, we had no other option but to base the 
calculation on the displacement curve derived from the force sensor. Fortunately, as 
in this case the time between tfoam and timpact was very short (approx. 5 ms) compared 
to the typical times before the offset problems arose (typically >10 ms, e.g. Figure 
6-45) in the R235 test programs, no offset problems were to be expected. 
 
Next we visualized tfoam on the velocity graph and, if necessary, fine-tuned its value 
to make it coincide with the point of divergence between on the one hand the 
velocity based on the displacement sensor and the accelerometer and on the other 
hand the velocity originating from the force sensor signal.  
After all, this divergence point indicates that both the displacement sensor and the 
accelerometer registered another movement than the force sensor. This is consistent 
with the deceleration reported by the displacement and accelerometer sensor not, or 
at least not completely, having been caused by the resistance of the specimen. Of 
course this implicates that this deceleration must have been caused by the impact of 
the top plate on the braking foam. The force sensor is insensitive to this impact 
because of its position in the impactor construction (Figure 6-6). 
In Figure 6-47 the procedure is shown for our example where tfoam is adjusted from a 
value of approximately 1.463 s to 1.460 s. Notice that here also, the offset errors of 
the force sensor and the accelerometer result in a deviation between the 
displacement sensor derived signal and the other curves. 
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Figure 6-47 tfoam determination based on velocity divergence. 
 
Up till now we have extended the graphs from before timpact until well beyond tend 
and tfoam. This results in some typical reoccurring phenomena. 
 
Before timpact we always observe a free fall with the gravitational acceleration in all 
graphs (Figure 6-43 - Figure 6-45). As this part is not yet affected by the specimen 
reaction to the impact it was considered irrelevant and excluded from the reported 
graphs (6. 3. 3). 
 
The phenomena occurring after tfoam and tend depend on the mutual position in time 
of both. Two cases have to be distinguished. 
 
First of all we will discuss the desired standard situation where tend < tfoam, as can be 
seen in Figure 6-47. This was ensured during the design (of the R235 and R240 test 
setups) by adapting the length of the indentor in order to obtain a sufficiently long 
free path of the impactor (6. 1. 2. c). 
 
From tend until tfoam all signals again show approximately the gravitational 
acceleration with in general (when sufficient time between timpact and tend) an offset 
for the force and accelerometer sensor signals (Figure 6-43 - Figure 6-47). Then, as 
mentioned earlier, from tfoam on, the curves originating from the displacement and 
accelerometer sensor choose a different path than those derived from the force 
sensor. Consequently, also this time span of the curves starting at tend is not relevant. 
It should therefore be omitted from the reported curves.  
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However, in some cases tfoam was found to be smaller than tend indicating the 
unwanted situation of impact on the braking foam before the end of the impact 
phenomenon on the specimen.  
 
During the design of the R50 test setup we were unaware of this issue, so it was not 
taken into account at that time. As a result all R50 specimens fitted with safety 
window film suffered from this problem. From the R235 tests onward the issue was 
considered in the design phase and consequently the occurrence could be limited to 
only 4 glass + SWF specimens (on a total of 60 specimens). For the tests on R240 
PET-film it occurred in 3 out of 10 specimens. 
 
The acceleration, velocity and displacement curves for a typical example where tfoam 
< tend, are shown in Figure 6-48, Figure 6-49 and Figure 6-50 respectively. 
 
Figure 6-48 Acceleration curves with tfoam < tend (for a soft impact on R235 glass + SWF).  
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Figure 6-49 Velocity curves with tfoam < tend (for a soft impact on R235 glass + SWF).  
 
Figure 6-50 Displacement curves with tfoam < tend (for a soft impact on R235 glass + SWF).  
From tfoam on, as mentioned earlier (when explaining its determination), there is a 
deviation between the movement recorded by on the one hand the displacement and 
accelerometer sensor and on the other hand the force sensor.  
 
The displacement and accelerometer sensor register the true motion of the impactor, 
which is mainly determined by the impact on the braking foam and to a much lesser 
extent by the remaining resistance of the specimen. Conversely, the force sensor is 
only able to capture the effect of the specimen resistance but this is of course already 
heavily influenced by the simultaneous slowing down of the impactor on the braking 
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foam. Moreover, the offset errors of the accelerometer and force sensor unavoidably 
have an increasing influence as more time elapses since timpact. 
 
Consequently, after tfoam none of these signals from the three available sensors were 
deemed to yield relevant information about the specimen impact behavior. Therefore 
this part also had to be excluded from the reported graphs. 
 
Based on the above mentioned findings, we defined a new point in time, trelevant equal 
to the minimum of tend and tfoam to obtain a generally valid processing procedure. For 
the presentation of the results (6. 3. 3) the signal curves were then clipped at trelevant. 
For the R50 glass + SWF tests an exception to this was made, be it only for the 
qualitative assessment of the graphs. 
In the same way the curves were only considered until trelevant for the extraction of 
the quantitative results, which will be discussed below.  
 
Curves radial and tangential strain 
As explained in 6. 2. 4 only a few test specimens were equipped with a strain gauge 
rosette. It was always applied at half radius on the safety window film and 
positioned at the tensioned (non-impacted) surface of the specimen. A typical 
example of the resulting radial and tangential strain signals for a hard impact on 
R235 glass + SWF is shown in Figure 6-51. 
 
Figure 6-51 Example radial and tangential strain curves obtained for hard impact on R235 
glass + SWF. 
These measurements were intended to be used in the validation of the finite element 
simulations of impact on glass fitted with safety window film. 
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Quantitative results 
Durations 
The calculated durations together with their calculation method are summarized in 
Table 6-7. 
Table 6-7 Calculated durations. 
Duration Applicability Calculation method 
before first crack(s) 
glass  
R235 glass (+ SWF) tcrack – timpact    
before failure glass all but R240 PET 
trelevant (for glass only specimens) or 
tbreak (for glass + SWF specimens) – 
timpact 
between failure glass 
and failure SWF 
glass + SWF 
if trelevant = tend: trelevant – tbreak, else: 
>(trelevant – tbreak)  
before breakage PET-
film 
R240 PET 
If trelevant = tend: trelevant – timpact, else: 
>(trelevant – timpact) 
Maximum acceleration 
For all specimens containing glass (thus all but the R240 PET-film specimens) the 
maximum acceleration was simply determined as the maximum of the acceleration 
curve. 
For the R240 PET-film specimens the maximum acceleration was determined as 
follows: if trelevant = tend: maximum of the acceleration curve, else: greater than the 
acceleration evaluated at trelevant. 
 
We used the acceleration curve derived from the force sensor signal because this did 
not need filtering (which can result in masking of peak values) and was available in 
all tests. 
Velocity (loss) 
The calculated velocity losses and their calculation method are summarized in Table 
6-8. 
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Table 6-8 Calculated velocity losses. 
Velocity loss Applicability Calculation method 
on glass  all but R240 PET 
velocity(trelevant) (for glass only specimens) or 
velocity(tbreak) (for glass + SWF specimens) – 
velocity(timpact) 
on SWF glass + SWF 
if trelevant = tend: velocity(trelevant) – velocity(tbreak), 
else: >(velocity(trelevant) – velocity(tbreak)) 
on PET-film R240 PET 
if trelevant = tend: velocity(trelevant) – velocity(timpact), 
else: >(velocity(trelevant) – velocity(timpact)) 
 
Since the velocity curve originating form the displacement sensor was not really 
reliable due to the filtering issues (as explained above) and because the force sensor 
was the only sensor used in all tests, by default the velocity losses were determined 
based on the velocity curve derived from the force sensor signal. 
However, in some cases problems were encountered at trelevant of a too big offset 
induced deviation of the velocity curve derived from the force sensor compared to 
the curve originating from the displacement sensor, especially when trelevant lies quite 
some time after timpact. In those cases we were forced to use the velocity curve 
derived from the displacement sensor signal. Fortunately, the failing reliability in 
case of abrupt transitions was not in order here anymore since at the time around 
trelevant the velocity curve behaves really smoothly. 
Displacement 
In Table 6-9 the determined displacements are listed. 
Table 6-9 Calculated displacements. 
Displacement Applicability Calculation method 
at first crack(s) 
glass  
R235 glass 
(+ SWF) 
displacement(tcrack) 
at failure glass 
all but R240 
PET  
displacement(trelevant) (for glass only specimens) 
or displacement(tbreak) (for glass + SWF 
specimens) 
at failure SWF glass + SWF 
if trelevant = tend: displacement (trelevant), else:  
>displacement(trelevant) 
at failure PET-
film 
R240 PET 
if trelevant = tend: displacement (trelevant), else:  
>displacement(trelevant) 
 
As for the velocity, by default the impactor displacements were determined based on 
the displacement curve derived from the force sensor signal because of the force 
sensor’s general availability and because the displacement sensor signal exhibits a 
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very rough course (Figure 6-37) which can lead to significant errors (in particular on 
the relatively small displacement values reported at tcrack and tbreak).  
Nevertheless, as was the case for the velocity, for some specimens the deviation of 
the displacement curve derived from the force sensor was too large at trelevant and we 
therefore had to resort to the displacement sensor signal. In this case the potential 
error due to the rough course of the displacement sensor signal was negligible 
compared with the offset induced error on the curve derived from the force sensor.  
 
Post-mortem pictures 
Before studying the post-mortem pictures we first verified that the post-mortem 
situation was not disturbed by an impact of the protection cap. By comparing the 
maximum displacement given by the displacement sensor (where available) with the 
impactor path length before impact of the protection cap we performed a quick 
check if there was a possibility of impact of the protection cap (6. 1. 2. c). 
In a few cases for the R235 glass (+ SWF) test program with the hard indentor this 
comparison revealed a maximum displacement of a few mm larger than the impactor 
path length before impact of the protection cap. This indicated that a protection cap 
impact could have occurred in these cases. However, the post-mortem pictures 
showed no signs of such an impact. This is due to the fact that, although for design 
purposes we made the conservative assumption that the glass stays exactly in the 
same position during impact, it actually does deflect somewhat. 
 
In conclusion all the post-mortem pictures were found to be reliable representations 
of the breakage pattern caused by the indentor impact only. It is noteworthy to 
emphasize that this is thanks to the special care that was given to the length 
determination of the impactor as explained in 6. 1. 2. c. 
 
The study of these pictures only allowed us to assess the breakage patterns in a 
qualitative manner. Points of interest included the initiation point of the breakage 
and the orientation and number of formed cracks. In general the spread of these 
patterns was found to be very large. As a consequence no clear trends could be 
distinguished. 
6. 3. 3 Experimental results and discussion 
Based on the obtained graphs and figures (see tables in Appendix A, B and C), new 
specimen groups (different from the original samples as described under 6. 3. 1) 
were composed on the basis of characteristic behavior. For each of these groups, the 
relevant sample means are summarized in the following table (Table 6-10). 
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Table 6-10 Overview newly composed samples with relevant sample means. 
R 
[mm] 
Material Indentor 
type 
Impact 
surface
Film 
thickness 
[mil] 
Vimpact 
[m/s] 
Amax 
[m/s²] 
Velocity loss [m/s] 
        glass film 
     avg avg stdev avg stdev avg stdev 
50 G hard n/a n/a 1.98 326 109 0.08 0.06 n/a n/a 
50 G+SWF hard glass  4, 7 1.98 358 158 0.09 0.09 >0.09 n/a 
50 G+SWF hard film  4, 7 1.98 409 86 0.10 0.05 >0.03 n/a 
235 G hard n/a n/a 3.09 928 183 1.01 0.88 n/a n/a 
235 G soft n/a n/a 3.62 608 155 2.10 0.87 n/a n/a 
235 G+SWF hard glass 4, 7 3.07 846 125 0.77 0.24 0.12 0.07 
235 G+SWF hard film 4, 7 3.07 818 116 0.74 0.38 0.15 0.12 
235 G+SWF soft glass 4 3.63 692 78 2.31 0.53 -0.12 0.02 
235 G+SWF soft glass 7 3.64 508 149 1.44 0.65 0.05 0.22 
235 G+SWF soft film 4 3.64 510 195 1.32 0.69 0.66 0.83 
235 G+SWF soft film 7 3.65 551 157 1.75 0.86 1.33 0.52 
240 RPET hard n/a 4 1.92 60.2 0.1 n/a n/a 0.34 0.02 
240 RPET hard n/a 7 1.94 90.5 5.2 n/a n/a 0.63 0.09 
Note that a complete overview of the obtained test results can be found in appendix 
A for the R50 glass (+ SWF), B for the R235 glass (+ SWF) and C for the R240 
PET-film test program. 
 
Below we will discuss representative acceleration and velocity graphs for each of 
these groups. 
 
As explained under 6. 3. 2, in general the graphs will be limited to their meaningful 
part, thus from timpact up to trelevant. This is done to avoid that phenomena which have 
nothing to do with the impact on the specimen (like the ones related to the impact on 
the braking foam) turn up in these graphs.  
Time is rescaled to start at 0 at timpact to facilitate the comparison of curves. 
6. 3. 3. a R50 glass (+ SWF) 
For this specimen group both the acceleration and velocity curves were derived from 
the force sensor since this was the only available sensor. 
Elastic part up till glass breakage 
Up till glass breakage both the acceleration and velocity curves were found to follow 
the same course, which is completely determined by the elastic response of the glass 
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to the impact. This can be explained by noting that the glass stiffness strongly 
outweighs that of the safety window film. 
 
The precise time of breakage, on the other hand, strongly varies due to the large 
spread of the glass strength (Chapter 2 and 3). This is also reflected in the large 
scatter of the measured maximum acceleration (Table 6-10). 
  
This is illustrated in Figure 6-52 and Figure 6-53 for the acceleration and velocity 
respectively. On these graphs the elastic parts (until tend in case of glass and until 
tbreak in case of glass + SWF) of the acceleration and velocity curves are plotted for 
four specimens: the one with the longest elastic part, one representative for glass 
only and two representative for glass + SWF.  
 
 
Figure 6-52 Comparison elastic parts of representative acceleration curves for impact on 
R50 glass (+ SWF) specimens.  
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Figure 6-53 Comparison elastic parts of representative velocity curves for impact on R50 
glass (+ SWF) specimens. 
Notice also that the path of the velocity curve exactly corresponds with the course of 
the acceleration, e.g. the leveling of the velocity curve (between 1 and 2 ms after 
timpact) which matches with the dip in the acceleration curve. 
 
After glass breakage  
Only the curves of the glass + SWF specimens have further relevant information to 
offer after glass breakage (denoted with tbreak). 
 
In this case, as an exception to the general procedure (6. 3. 2. b), we considered the 
curves only up to tend instead of until trelevant. In that way two specimen groups could 
be distinguished based on whether the impact was on the glass or the film surface. 
No significant influence of the film thickness could be found. 
 
Between tbreak and tend the specimens with impact on the glass surface (Figure 6-54) 
exhibit a shorter ‘belly’ in the acceleration curve and a smaller velocity loss 
compared to the ones with impact on the film surface (Figure 6-55). 
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Figure 6-54 Representative acceleration and velocity curve for R50 glass + SWF 
specimens impacted on glass surface (G+SWF_TS_TST_4_02). 
 
 
Figure 6-55 Representative acceleration and velocity curve for R50 glass + SWF 
specimens impacted on film surface (G+SWF_TS_AST_4_02).  
These observations are only qualitative. Quantitatively nothing can be concluded 
because tend comes after trelevant, indicating that there was an impact on the braking 
foam during the specimen impact. This considerably influences the measurements. 
Consequently only lower limits are available for the reported quantities which 
pertain to the time period between tbreak and tend. 
If the graphs would have been clipped at trelevant, much information is lost and the 
found difference between impact on glass and film surface cannot be seen anymore. 
 
This observed influence of the impact surface can most probably be attributed to the 
piercing effect of the formed glass shards. When impact occurs on the glass surface 
the formed glass shards can help cut through the film which is not the case when the 
impact takes place on the film surface. 
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6. 3. 3. b R235 glass (+ SWF) 
Elastic part up till glass breakage 
For this part we only used the acceleration and velocity curve derived from the force 
sensor signal because this did not need any filtering (which can result in masking of 
fast variations). 
 
As is the case for the R50 glass (+ SWF) specimens, the acceleration and velocity 
curves follow the same course, completely determined by the elastic response of the 
glass and there is a large dispersion of the time of breakage, and related to that, the 
measured maximum acceleration. 
 
This is illustrated in Figure 6-56 and Figure 6-57 for the case of the hard indentor 
and in Figure 6-58 and Figure 6-59 for the soft indentor, each time for the 
acceleration and velocity respectively. On these graphs the elastic parts (until tend in 
case of glass and until tbreak in case of glass + SWF) of the acceleration and velocity 
curves are plotted for four specimens: one with a fully elastic path (thus with 
rebound on the specimen), one representative for glass only and two representative 
for glass + SWF.  
 
Figure 6-56 Comparison elastic parts of representative acceleration curves for impact with 
hard indentor on R235 glass (+ SWF) specimens.  
Chapter 6 Dynamic Characterization of Glass, PET-film and Glass + SWF 
 
209 
 
Figure 6-57 Comparison elastic parts of representative velocity curves for impact with 
hard indentor on R235 glass (+ SWF) specimens. 
 
 
Figure 6-58 Comparison elastic parts of representative acceleration curves for impact with 
soft indentor on R235 glass (+ SWF) specimens. 
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Figure 6-59 Comparison elastic parts of representative velocity curves for impact with soft 
indentor on R235 glass (+ SWF) specimens. 
 
The fact that the elastic parts of the curves for the different specimens are in very 
good agreement (Figure 6-52, Figure 6-56 and Figure 6-58) demonstrates that our 
measurements exhibit a high reproducibility. 
 
After glass breakage  
Again, similarly to the case for the R50 test program, only the curves of the glass + 
SWF specimens have further relevant information to offer after glass breakage 
(denoted with tbreak). In this case we did add all the available measurement signals on 
the graphs, i.e. from the force, accelerometer and displacement sensor. Evidently, for 
this discussion the region of interest on each graph is located between tbreak and tend. 
Hard indentor 
As was the case for the R50 specimens there is a significant influence of the impact 
surface due to the piercing effect of the glass shards but no influence of the safety 
window film thickness. As a result two specimen groups can be distinguished: 
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i) Impact on glass surface (Figure 6-60): very limited ‘belly’ in the acceleration 
curve and nearly constant velocity (very slight deceleration <0.2 m/s) for 10 out of 
the 12 specimens  
 
 
Figure 6-60 Representative acceleration and velocity curve for R235 glass + SWF 
specimens impacted with hard indentor on glass surface 
(G+SWF_AS_AST_H_4_03).  
 
ii) Impact on film surface (Figure 6-61): for 7 out of the 12 specimens pronounced 
‘belly’ in the acceleration curve and for 6 out of 12 deceleration with at least 0.2 m/s 
in the velocity curve 
 
 
Figure 6-61 Representative acceleration and velocity curve for R235 glass + SWF 
specimens impacted with hard indentor on film surface 
(G+SWF_TS_AST_H_4_02).  
Soft indentor 
For the impact with the soft indentor both the impact surface and the film thickness 
were found to have a significant influence. This results in the following four 
specimen groups: 
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i) Impact on glass surface, 4 mil SWF (Figure 6-62): always (for all 6 specimens) 
totally inexistent ‘belly’ in the acceleration curve and nearly constant velocity (very 
slight acceleration <0.2 m/s)  
 
 
Figure 6-62 Representative acceleration and velocity curve for R235 glass + SWF (FG_4) 
specimens impacted with soft indentor on glass surface 
(G+SWF_TS_TST_S_4_02).  
 
ii) Impact on glass surface, 7 mil SWF (Figure 6-63): 3 out of the 6 specimens 
exhibit the ‘belly’ phenomenon in the acceleration curve and some deceleration in 
the velocity curve (for 2 specimens  <0.2 m/s and for 1 specimen 0.5 m/s)  
 
 
Figure 6-63 Representative acceleration and velocity curve for R235 glass + SWF (FG_7) 
specimens impacted with soft indentor on glass surface 
(G+SWF_TS_TST_S_7_02).  
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iii) Impact on film surface, 4 mil SWF (Figure 6-64): always ‘belly’ in the 
acceleration curve (pronounced for 5 out of the 6 specimens) and always 
deceleration in the velocity curve (for 5 out of the 6 specimens with at least 0.3 m/s)  
 
 
Figure 6-64 Representative acceleration and velocity curve for R235 glass + SWF (FG_4) 
specimens impacted with soft indentor on film surface 
(G+SWF_AS_TST_S_4_01).  
 
iv) Impact on film surface, 7 mil SWF (Figure 6-65): always (for all 6 specimens) 
pronounced ‘belly’ in the acceleration curve and deceleration with at least 0.7 m/s in 
the velocity curve 
 
 
Figure 6-65 Representative acceleration and velocity curve for R235 glass + SWF (FG_7) 
specimens impacted with soft indentor on film surface 
(G+SWF_AS_TST_S_7_03).  
 
It is noteworthy that for the specimens impacted on their film surface with the soft 
indentor, the impactor was halted by the safety window film for 3 specimens out of a 
total of 12 (1 for 4 mil SWF thickness and 2 for 7 mil). This is in contrast with all 
other tested specimens (Table 6-4) where the indentor was found to penetrate the 
film. 
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6. 3. 3. c R240 PET-film 
For this test program two groups were distinguished, depending on the film 
thickness. Whereas there is almost no difference in the time to failure (equal to 
approx. 18 ms), the maximum acceleration and velocity loss are significantly larger 
for the 7 mil raw PET-film (Figure 6-67) than for the 4 mil version (Figure 6-66).  
 
 
Figure 6-66 Representative acceleration and velocity curve for R240 4 mil raw PET-film 
specimens (RPET_4_03). 
 
 
Figure 6-67 Representative acceleration and velocity curve for R240 7 mil raw PET-film 
specimens (RPET_7_04). 
6. 3. 4 Conclusion 
Specimens containing glass 
The observed high spread of the glass breakage related results (e.g. duration before 
failure glass, maximum acceleration) again confirms the high level of stochasticity 
involved in the glass fracture process as found in literature (Chapter 2) and in our 
static glass experiments (Chapter 3). 
 
The elastic response of all glass (+ SWF) specimens, which was found to be 
completely determined by the glass (because of its much higher stiffness than that of 
the SWF), on the other hand was very reproducible. 
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After glass breakage the further behavior of the specimens is considerably 
influenced by their impacted surface. Overall, impact on the film surface leads to a 
more pronounced ‘belly’ in the acceleration curve and an increase in the velocity 
loss. 
 
Evidently the impact with the soft indentor results in a much smoother course of the 
acceleration and velocity curves compared with those obtained for the impact with 
the hard indentor. Furthermore, for the soft indentor impact a significant influence of 
the film thickness is observed. A thicker film results in a more pronounced ‘belly’ in 
the acceleration curve and an increase in the velocity loss. 
 
The other investigated parameters, more specifically the laminated surface and the 
tensioned surface, were found to be of no influence.  
 
Of all tested specimens (100 in total, Table 6-4) only in case of the soft indentor 
impact on the film surface the safety window film succeeded in stopping the 
impactor for 3 specimens out of a total of 12. For all other specimens the film was 
penetrated by the indentor. 
 
PET-film specimens 
Here the only investigated parameter, film thickness has a significant influence. 
 
The results of the experimental program discussed above were used to validate the 
finite element models of the performed tests, as will be explained in the following 
section. 
 
6. 4 FEM 
First of all we will state the model properties which apply to all of the impact 
models described in this section. 
 
For all of these simulations the Abaqus/Explicit solver had to be used because of the 
dynamic nature of the tests to be modeled. 
 
Of the impactor only the indentor was modeled because this is the relevant part 
which makes contact with the glass. Consequently the whole impactor mass, which 
depends on the test program (6. 3. 2. a), had to be assigned to this indentor model.  
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As the movement of the impactor is limited by the rail guidance system, only 
vertical displacement is possible. Therefore as boundary conditions all of its other 
displacement and rotation degrees of freedom were fixed.  
 
To model the impact, the indentor is placed upon the centre of the glass and its 
impact velocity is imposed by means of an initial velocity predefined field. This 
impact velocity was calculated theoretically based on the drop height with formula 
(6.1). The resulting values are summarized in Table 6-11. 
Table 6-11 Impact velocities used in the simulations. 
Simulated test(s) Drop height [cm] Vimpact [m/s] 
R50 glass and R240 PET-film 20 1.98 
R235 glass with hard indentor 50 3.13 
R235 glass with soft indentor 70 3.71 
By comparing these with the measured impact velocities (Table 6-10) it is easily 
verified that the errors are negligibly small. 
 
In all simulations the gravitational acceleration was taken into account when 
assessing the acceleration of the indentor. 
 
A general contact with friction definition covering all the different contacts 
occurring in the simulation was used. The friction coefficient was defined depending 
on the materials making contact. Exact values for the friction coefficients are 
difficult to determine. We used guiding values found in literature (Table 6-12).  
Table 6-12 Overview used friction coefficients. 
Materials Friction coefficient [-] Reference 
Glass – polypropylene 0.25 [18] 
Steel – polypropylene 0.25 [18] 
Steel – glass (only applicable for hard 
indentor) 
0.6 
[19] 
Rubber – glass (only applicable for soft 
indentor) 
0.9 [20] 
Steel – PET (only applicable for PET-
film impact) 
0.25 [21] 
6. 4. 1 Glass 
We will now discuss the model aspects which all the glass impact models have in 
common. 
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After some initial trials with simplified boundary conditions for the glass plate (e.g. 
edge encastred) it soon became clear that in order to obtain a realistic impact model, 
it would be necessary to incorporate the real boundary conditions, with the glass 
being clamped between two polypropylene rings and the steel base and clamping 
ring as shown in Figure 6-68.  
 
Figure 6-68 Real boundary conditions: glass (1) clamped between polypropylene (2) and 
steel (3). 
In the finite element model this is modeled by putting the glass plate between two 
linear elastic rings, meshed with hexahedral, linear, reduced integration (C3D8R) 
elements. These rings are held in place by means of two rigid body rings, which are 
fully encastred to assure the clamping. This is illustrated in Figure 6-69. 
 
Figure 6-69 Model implementation of the real boundary conditions: deformable glass (1) 
clamped between deformable bodies representing the polypropylene (2) and 
rigid bodies representing the steel (3). 
 
The parameters of the linear elastic (part of the) material models, which were used 
throughout the glass impact simulations, are listed in Table 6-13. The mass densities 
were also added. 
 
 
1 
2
2 
3 
3 
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1
2
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3
3
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Table 6-13 Overview linear elastic material model parameters. 
Material 
Density
[kg/m³]
Young’s modulus
[GPa] 
Poisson’s ratio Reference 
glass 2500 70 0.23 Chapter 2 
polypropylene 1000 2 0.3 [18] 
6. 4. 1. a Elastic 
Here we will first discuss the common aspects for all the elastic glass impact 
models. 
 
All the material models used for these simulations are totally elastic. For all these 
material models, except for the soft indentor’s rubberlike material which will be 
covered in detail later, the used properties can be found in Table 6-13. 
 
For the glass mesh we used hexahedral, linear, reduced integration (C3D8R) 
elements. Because we expected the center of the glass plate to be the most critical 
zone due to the direct interaction with the impactor, the glass was divided into two 
partitions. The center partition was meshed finer than the outer one. The meshing 
technique used here was sweep meshing with the medial axis algorithm.  
 
From this point on we will have to make a distinction between the models with the 
hard indentor and those with the soft indentor. 
 
Hard indentor 
Because we had test data from the impact on R50 glass plates with a radius of 50 
mm and a thickness of 4 mm and on R235 glass plates with a radius of 235 mm and 
a thickness of 6 mm both were modeled. 
 
As mentioned above, of the impactor only the indentor was modeled and the mass of 
the complete impactor was assigned to it. Because steel is three times stiffer than 
glass, the hard indentor was modeled as a completely rigid body. For this reason 
there was no point in modeling the real length and therefore a fixed length was used, 
independent of the specimen radius (and thus changing indentor length). Its radius 
was set at 10 mm like in reality. 
 
The glass meshing approach as explained above, although the same for the R50 and 
the R235 glass plate, of course led to two different meshes for the two differently 
sized glass plates. This is illustrated in Figure 6-70 where the complete finite 
element models for both situations are depicted. 
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(a) (b) 
Figure 6-70 Finite element models of the R50 (a) and the R235 (b) elastic glass impact test 
with hard indentor. 
 
All R50 glass (+ SWF) specimens broke during impact, but we do have one with a 
quite long elastic path (Figure 6-52). We compare this with the graph resulting from 
our simulation (Figure 6-71). 
 
Figure 6-71 Comparison experimental and simulated acceleration curve for the R50 elastic 
glass impact with hard indentor. 
As one can clearly see, the two acceleration curves follow a very similar path. The 
simulated acceleration curve does appear to lead somewhat compared to the 
experimental curve and to lie a bit higher. 
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Since some of the R235 glass plates did not break we have experimental 
acceleration data (Figure 6-56) with which we can compare our simulation result 
(Figure 6-72). 
  
 
Figure 6-72 Comparison experimental and simulated acceleration curve for the R235 
elastic glass impact with hard indentor. 
Although the simulated acceleration curve leads compared to the experimental curve 
and attains higher peak values, the two curves exhibit a remarkable resemblance. 
 
Soft indentor 
In this case only the steel carrier plate of the indentor could be modeled as a rigid 
body. The hemispherical piece of rubberlike material had to be modeled as a 
deformable body and was meshed with modified tetrahedral, quadratic, full 
integration (C3D10M) elements. It was tied to the rigid body model of the steel 
carrier plate. To this rigid body the mass of the complete impactor excluding the 
hemisphere was assigned. 
 
With the soft indentor only tests on R235 glass plates were performed, therefore 
only one model was made (Figure 6-73). 
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Figure 6-73 Finite element model of the R235 elastic glass impact test with soft indentor. 
 
Since for the rubberlike material of the soft indentor no material parameters were 
available, before we could start modeling impact we first had to determine a material 
model for it. This is discussed in the following section. 
Material model soft indentor 
The straightforward way to extract the material model parameters (for a linear 
elastic material model Young's modulus and Poisson’s ratio) would have been to 
conduct a uniaxial tensile test on a strip of this material. In this case, however, this 
was not an option because no such specimens could be obtained for this material. 
Therefore a different approach based on inverse modeling was used, comparable to 
the one used for calibrating the PSA model (Chapter 5). 
 
A quasi-static compression test was performed with a tensile testing machine on a 
hemisphere of the same material as used for the soft indentor (Figure 6-74).  
 
Figure 6-74 Compression test rubberlike hemisphere. 
From this test we obtained force-displacement curves.  
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Of this quasi-static test a finite element model was built in Abaqus/Standard. The 
rubberlike hemisphere was placed between two circular crush plates modeled as 
rigid bodies (Figure 6-75).  
 
Figure 6-75 Finite element model (with mesh) of crush test rubberlike hemisphere. 
 
Between the hemisphere and both crush plates contact with friction was defined. In 
literature [22] a guiding value of 0.9 for the static coefficient of friction was found.  
 
Next to this contact definition, two ties had to be defined to get the model running. 
The top of the hemisphere was tied to the top crush plate and the centre point of the 
bottom surface of the hemisphere was tied to the bottom crush plate. As in this way 
the lateral expansion of the hemisphere is not hindered, except in two points which 
lie on the axis of axial symmetry and thus will not move anyhow, these ties should 
not influence the obtained simulation results. 
 
As boundary conditions one of the test plates is encastred while for the other a 
displacement linearly increasing to 0.01 m is defined.  
 
Rubberlike materials are characterized by nearly incompressible material behavior. 
Moreover, they exhibit non-linear elastic behavior up to large deformations. 
Therefore, they are normally modeled using a hyperelastic material model [23]. 
Nevertheless, a linear elastic model can provide a first simplified means to 
approximate the material constitutive behavior. Consequently we decided to try out 
both the linear elastic and the hyperelastic material model. 
 
Because the material model was intended eventually to be used in a dynamic 
simulation in Abaqus/Explicit the mass density had to be incorporated anyhow. It 
was estimated at 1400 kg/m³ [24]. 
 
The other parameter(s) of these two material models now had to be tuned until a 
good match was obtained between the simulated and the experimental results. Below 
we briefly discuss how this went about, first for the linear elastic model, and then for 
the hyperelastic model. 
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Linear elastic 
We started off by assuming a linear elastic material model for the rubberlike 
material of the soft indentor. 
 
As mentioned above, such a material is nearly incompressible and consequently the 
Poisson’s ratio can be considered to be known and equal to 0.5. However, this fully 
incompressible behavior can result in numerical problems in Abaqus, especially 
with the Abaqus/Explicit solver [23]. Therefore, from the start we fixed the 
Poisson’s ratio to a value of 0.475, the default value used by Abaqus/Explicit for 
nearly incompressible materials. 
 
As a result only one material parameter remained to be tuned, namely the Young’s 
modulus (E). For this we started with a typical value for rubber found in literature, 
namely 1 MPa [24].  
 
With this value already a very realistic model deformation was obtained, as can be 
seen by comparing it (Figure 6-76) with the experimental deformation, which is 
shown in Figure 6-77. 
 
Figure 6-76 Simulated deformation evolution. 
 
Figure 6-77 Experimental deformation evolution.  
 
The simulated force-displacement graph already had the correct shape but the peak 
value, amounting to 720 N, was lower than the experimentally measured value of 
975 N. Therefore we proportionally changed the value of E to 1.4 MPa.  
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As for this value the simulated and experimental curves nearly coincided (Figure 
6-78), we concluded that 1.4 MPa was an appropriate value for the Young’s 
modulus. 
 
Figure 6-78 Comparison between experimental and simulated force curve for the 
hemisphere compression test with linear elastic material model (with E = 1.4 
MPa). 
Hyperelastic 
Despite the satisfactory results obtained with the linear elastic material model, we 
also tried with a hyperelastic material model. Abaqus provides many different forms 
of this model. We chose the neo-Hookean form because this, just like the linear 
elastic model, is also defined by two parameters, C10 and D1, which are directly 
related to the linear elastic shear modulus and bulk modulus respectively [23].  
By using the general linear elastic relations they can be written in function of the 
Young’s modulus and Poisson’s ratio: 
 
)1(410 ν+=
EC  (6.4) 
 
E
D )21(61
ν−=  (6.5) 
 
In the same way as for the linear elastic model we then assumed a fixed value for the 
Poisson’s ratio equal to 0.475. As a result, again only the Young’s modulus 
remained as parameter to be calibrated. 
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For this calibration we started with the value we obtained for the linear elastic 
material model, thus E = 1.4 MPa. This yielded completely similar results as for the 
linear elastic case, both for the simulated deformation (Figure 6-76) and for the 
simulated force curve (Figure 6-79).  
 
Figure 6-79 Comparison between experimental and simulated force curve for the 
hemisphere compression test with neo-Hookean hyperelastic material model 
(with E=1.4 MPa). 
Dynamic impact model 
Now that we had determined two possible appropriate material models for the soft 
indentor, we could make the step towards the dynamic impact model. Both of them 
will be separately discussed below. 
Linear elastic 
The simulation run with the E-value of 1.4 MPa found in the static calibration, 
yielded a force-displacement curve of which the shape showed a good resemblance 
with the experimental one (Figure 6-58) with a very good match of the duration but 
a too low peak value. 
 
Therefore we made an attempt to recalibrate the linear elastic rubber model for this 
impact simulation. The used values for the Young’s modulus and the resulting 
maximum acceleration values are given in Table 6-14. Notice that there is also 
stated if the simulation was completed. In some cases, especially for the smaller 
values of E, the simulation with a defined duration of 20 ms was not completed due 
to numerical problems. 
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Table 6-14 Dynamic recalibration linear elastic rubber model: overview results iterative 
simulations.  
Young’s modulus Maximum acceleration Simulation 
completed? 
[MPa] [m/s²] [ms] 
1.4 362 no 
2 519 no 
3 726 no 
3.5 787 yes 
3.3 769 yes 
 
The obtained maximum acceleration of 769 m/s² for a value of 3.3 MPa for the 
Young’s modulus fits very well with the experimental value of 770 m/s² (for 
G_AST_S_01 in table in Appendix B).  
Indeed, when we plot the simulated force-displacement curve for this E value on the 
same graph with the curve obtained from the experiment (Figure 6-80), we notice a 
good agreement for the whole curve including the peak value. 
 
Figure 6-80 Comparison between experimental and simulated acceleration curve for the 
elastic glass impact test with soft indentor (linear elastic material model with 
E=3.3 MPa). 
Hyperelastic 
Again, as for the linear elastic rubber model, we started with E=1.4 MPa. This 
simulation yielded the acceleration curve as shown in Figure 6-81 together with the 
experimental one. 
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Figure 6-81 Comparison between experimental and simulated acceleration curve for the 
elastic glass impact test with soft indentor (neo-Hookean hyperelastic material 
model with E=1.4MPa). 
The simulated acceleration curve has a shape reasonably corresponding with the real 
curve but the peak value is too high in this case. 
Consequently we again tried to perform a recalibration (Table 6-15). 
Table 6-15 Dynamic recalibration hyperelastic rubber model: overview results iterative 
simulations. 
Young’s modulus Maximum 
acceleration 
Simulation 
completed? 
[MPa] [m/s²] [ms] 
1.4 889 yes 
1 885 yes 
However, as this time changing E did not have much influence on the resulting 
maximum acceleration, we did not pursue this any further. 
6. 4. 1. b Brittle fracture 
Model 
Introduction on modeling brittle fracture of glass 
Abaqus offers a brittle cracking model. It is mainly intended for modeling of 
concrete failure, but it can also be used for modeling of ceramics [25, 26]. The main 
features of this model are outlined below. 
 
In this smeared crack model the inherently discontinuous brittle failure behavior 
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(with cracks nucleating and growing) is approached in a homogenized way. This 
means that the model does not track individual cracks but rather takes into account 
the effect of their presence by degrading the material stiffness in the constitutive 
calculations in the appropriate material points. 
 
In what follows, the term ‘crack’ will be used to designate a direction in which 
cracking has been detected at a material point. Please note that this kind of crack 
only exists on the level of the constitutive calculations in the material point and does 
not show itself in element deletion, let alone in the formation of a visible crack on 
the macroscopic mesh level. 
 
This damage model consists of three parts.  
The first part is the damage initiation. To determine if a crack is formed in a certain 
material point a Rankine mode I fracture criterion is used. This means that a crack 
forms when the maximum principal stress exceeds a certain cracking failure stress 
( Ituσ ), which is an input parameter of the model. Its crack surface will be normal to 
the principal direction corresponding with the maximum principal stress.  
Subsequent cracks can then only form with their crack surface normals oriented 
orthogonal to the directions of the normals of any existing crack surfaces at the same 
material point. This limits the number of cracks in one material point to three for a 
3D model. 
Again note that this type of crack is not yet visible in the mesh behavior. 
 
The second part concerns the evolution of the damage. This part, contrary to the 
crack initiation which is purely based on mode I fracture, includes both mode I and 
II post-cracking behavior. 
 
First we will discuss the post-cracked mode I behavior, the so-called tension 
softening. Although Abaqus offers different possibilities to define this, we will only 
discuss the one we used, namely the one based on fracture energy. In this case the 
fracture energy required to form a unit area of crack surface in mode I ( fIG ), which 
is a material property, is directly specified in Abaqus.  
 
As this model assumes a linear loss of strength after cracking (Figure 6-82), the 
normal component of the cracking displacement for which complete loss of stiffness 
occurs is immediately determined as  
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Figure 6-82 Post-cracking stress displacement curve. 
Note that cknu  stands for the component normal to the formed crack of the cracking 
displacement. 
This does not mean that the material in that material point fails. It just means that the 
stiffness in tension and thus the tensile stress in that direction (normal to the formed 
crack) will be zero. 
 
The mode II post-cracking behavior is based on the observation that the shear 
modulus is reduced as the crack opens. Abaqus offers a shear retention model in 
which the post-cracked shear modulus (Gc) is defined as a function of the opening 
strain across the crack ( cknne ): 
 GeG cknnc )(ρ=  (6.7) 
With G the shear modulus of the uncracked material and )( cknneρ , the shear 
retention factor which can be specified tabularly but also with a power law: 
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Where p and ckemax  are material parameters which have to be input in the Abaqus 
model. 
It is important to mention that a non-zero shear retention must be defined for the 
Abaqus brittle cracking model to work.  
 
The final part is brittle failure. By default, when at least one local direct cracking 
displacement component at a material point reaches the direct cracking failure 
displacement ( ckfu ) model parameter, the material point is considered to have failed. 
As soon as all material points in an element fail, the element is removed from the 
mesh.  
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Implementation 
For this finite element model the model of the R50 elastic glass impact with hard 
indentor (6. 4. 1. a) was recovered and a brittle material model extension for the 
glass was added. The used parameter values for this extension are discussed below. 
 
The value of the cracking failure stress parameter ( Ituσ ) was based on the flexural 
strength determined with the static axisymmetric bending test in Chapter 3. This can 
be motivated by the fact that nearly all influencing factors on the glass strength, as 
explained in 2. 2. 5. b, were the same for both tests: stressed surface area, surface 
condition (same type of glass, same handling and transport, no prestress), ambient 
medium as well as temperature (all tests were conducted in the same laboratory 
environment), age (always at least 24 h waiting time between last processing actions 
on the glass and actual testing were observed). 
There was, however one important exception to this. The loading rate for the static 
tests differed significantly from the one in the impact experiments. 
 
Since the statically determined glass flexural strength exhibits such stochastic 
behavior (Chapter 3), as does the resulting moment of glass breakage in the 
conducted impact tests (6. 3. 4), it was immediately clear that we would never be 
able to capture this stochasticity into the finite element model as this is inherently 
deterministic. Therefore we chose the value to be in the right order of magnitude, 
equal to a central value in the found flexural strength range from 100 till 200 MPa 
(Chapter 3), namely 150 MPa. 
 
For the mode I fracture energy in air of glass we found several values in literature 
(Table 6-16). 
Table 6-16 Mode I fracture energy. 
Reference fIG  [N/m]
[27] 4.5 - 4.7  
[28] 4 
[29] 4.4 
We chose a working value of 4.4 N/m. 
 
As no information was found for the mode II post-cracking behavior parameters and 
moreover we did not consider this model aspect to be of crucial influence on the 
post-cracking behavior of glass, we actually did not want to implement this feature 
of the brittle cracking model. However, as mentioned above, Abaqus does not 
support this. Therefore we simply chose two values for which the simulation ran 
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well. After some trial and error the following values were adopted: ckemax = 0.002 and 
p = 2.  
 
The direct cracking failure displacement ( ckfu ) was chosen to be equal to 
ck
nu 0, , 
which is given by formula (6.6) and in our case yields a value of 6e-8 m. 
 
The general contact definition was extended to include all internal element faces 
because otherwise the indentor can continue its movement without feeling anything 
except for exterior element faces, meaning only the top and bottom layers of the 
mesh.  
 
Because mesh sensitivity is a known issue for the brittle cracking model [26], we 
tried out different glass meshes: a mesh based on hexahedral, linear, reduced 
integration (C3D8R) elements with the medial axis sweep mesh technique, one with 
the same elements but built with the advancing front sweep mesh technique and one 
based on modified tetrahedral, quadratic, full integration (C3D10M) elements built 
with the free mesh technique. 
Again, as was the case for the elastic model, the glass plate was partitioned in order 
to obtain a finer mesh in the central zone where the interaction with the impactor 
takes place.  
This yielded the three different meshes depicted in Figure 6-83, Figure 6-84 and 
Figure 6-85. 
 
 
(a) (b) 
Figure 6-83  R50 hexahedral sweep mesh with medial axis algorithm: (a) top view and (b) 
cut view. 
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(a) (b) 
Figure 6-84  R50 hexahedral sweep mesh with advancing front algorithm: (a) top view and 
(b) cut view. 
 
 
(a) (b) 
Figure 6-85  R50 tetrahedral free mesh: (a) top view and (b) cut view. 
 
Results 
First of all we looked into the model behavior and more in particular to the resulting 
simulated breakage patterns. These are shown for the top and the bottom of the glass 
plate at the end of the simulation (t=10 ms) for the three different mesh 
configurations in Figure 6-86, Figure 6-87 and Figure 6-88. 
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(a) (b) 
Figure 6-86 Model behavior impact with hard indentor on R50 glass (modeled with brittle 
material model and hexahedral sweep mesh with medial axis algorithm): at 
top (a) and bottom (b) of the glass plate at t=10 ms.  
 
(a) (b) 
Figure 6-87 Model behavior impact with hard indentor on R50 glass (modeled with brittle 
material model and hexahedral sweep mesh with advancing front algorithm): 
at top (a) and bottom (b) of the glass plate at t=10 ms. 
 
(a) (b) 
Figure 6-88 Model behavior impact with hard indentor on R50 glass (modeled with brittle 
material model and tetrahedral free mesh): at top (a) and bottom (b) of the 
glass plate at t=10 ms.  
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First thing we notice is that the differences in model behavior are very large. 
Therefore it was immediately clear that the mesh dependency was a big issue. At 
once it also raised the question what mesh we should use to continue and try to fine-
tune the model. 
 
To help us answer this question we tried to determine the mesh for which the 
simulated breakage behavior corresponded best to the experimentally observed real 
breakage behavior. Unfortunately none of the three considered meshes really stood 
out. They all had their problems.  
 
The hexahedral medial axis mesh (Figure 6-86) shows a quite realistic breakage 
pattern with radial and concentric cracks. However, their paths are clearly 
predetermined by the mesh. Whereas the advancing front version (Figure 6-87) 
seems to perform considerably better on this aspect, it only shows radial cracks and 
the cracks are not far enough propagated towards the top surface of the plate. For the 
tetrahedral free mesh (Figure 6-88) finally the damage is too restricted to the central 
area of the plate. 
 
Next step was then to take a look at the simulated acceleration curves obtained with 
the three different mesh configurations (Figure 6-89). 
 
Figure 6-89  Simulated acceleration curves for R50 brittle glass impact: (a) hexahedral 
sweep mesh with medial axis algorithm, (b) hexahedral sweep mesh with 
advancing front algorithm and (c) tetrahedral free mesh.  
As was to be expected, here also large differences were found between the different 
mesh configurations. 
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Again we wanted to find the most realistic curve. Therefore in Figure 6-90 we 
compared these simulated curves with a representative experimental one 
(G_AST_01 in Figure 6-52). Note that because the signals are all stabilized in 
approximately 5 ms (the experimental signal even after 0.4 ms) we zoom in on the 
first 5 ms. 
 
Figure 6-90 Comparison experimental and simulated acceleration curves for the impact 
with hard indentor on R50 glass.  
This graph clearly shows that in the first elastic part before glass breakage (lasting 
approximately 0.4 ms) the two hexahedral meshes yield satisfactory results 
compared with the experimental curve. This is not all surprising since the elastic 
glass impact simulation had worked very well (6. 4. 1. a). Nevertheless the 
tetrahedral free mesh already deviates quite a bit. Therefore this mesh was 
abandoned. 
Afterwards, all models yield too high acceleration levels in comparison with the 
experiments where the acceleration drops to a slightly negative value, equal to the 
gravitational acceleration.  
 
Of the two remaining meshes, the medial axis and the advancing front hexahedral 
mesh, we had a slight preference for the latter because it seemed to leave more 
freedom to the cracking pattern (compare Figure 6-87 with Figure 6-86).  
 
For this advancing front mesh one more check of the fracture behavior was 
performed (Figure 6-91). 
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(a) (b) 
Figure 6-91 Model behavior impact with hard indentor on R50 glass (modeled with brittle 
material model and hexahedral advancing front mesh): at top (a) and bottom 
(b) of the glass plate at t=0.5 ms.  
We observe that the glass is not damaged at the top (surface where the impactor hits) 
before the first real cracks (many elements getting deleted in a row) appear at the 
bottom. These cracks are expected to occur first, since at the start of the impact this 
surface is in tension. This is a further confirmation that this model already exhibits 
quite realistic breakage behavior. 
 
Despite the encouraging results obtained for the mesh behavior as well as for the 
elastic part of the acceleration curve, it was clear that the model parameters still 
needed further calibration in order to make the simulation match the experimental 
results. 
 
Unfortunately, there was a rather large set of parameters and their influence on the 
simulation, especially in combination with the other parameters, was not well 
understood. In a final attempt to elucidate this matter we performed a parameter 
study, in which all parameters were separately changed. As it turned out however, 
nothing useful could be concluded from this investigation. 
 
Therefore and also due to the very large mesh dependency we decided to make the 
switch to a different material model, based on a ductile damage model (6. 4. 1. c). 
6. 4. 1. c Modified elastic-plastic (workaround) 
Model 
We again started from the finite element model for the impact with the hard indentor 
on (linear) elastic R50 glass. The inclusion of the internal element faces in the 
general contact definition and the hexahedral advancing front mesh were copied 
from the brittle model (6. 4. 1. b)  
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The only additions were a plastic and a damage model extension to the linear elastic 
glass material model. Inspiration for this was found in the modeling of the PET-film 
as explained in Chapter 4, where we defined an elastic-plastic material model with 
ductile damage for the PET-film. The properties of such a material model were 
already thoroughly covered there. Naturally the parameter values had to be adapted 
to a large extent in order to make the material model fit with glass behavior.  
 
As glass does not exhibit any plastic deformation (Chapter 2), the plastic part 
actually had no link to the real material behavior. It was merely incorporated as a 
means to be able to define a ductile damage model. Therefore a very short ‘virtual’ 
plastic region was devised, starting at a yield stress chosen equal to the realistic 
flexural strength, which amounts to 150 MPa (6. 4. 1. b) and ending very close by at 
the same yield stress of 150 MPa for a chosen plastic strain of 1e-6. Note that the 
used isotropic von Mises yield criterion is inherently independent of the fact whether 
the material is in tension or compression. 
 
Next, the ductile damage model extension was introduced to enable that the material 
could fail and the elements could be deleted. It consists of a damage initiation 
criterion and a damage evolution law. 
 
The damage initiation criterion is based on fracture strain, and contrary to the used 
yield criterion, can be made dependent on whether the material is in tension or 
compression. This is done by defining the fracture strain in function of the stress 
triaxiality, given by [30] 
 
q
pytriaxialitstress −=  (6.9) 
Where p is the hydrostatic pressure and q is the von Mises equivalent stress. This 
results in a positive value in tension and a negative under pressure. 
By defining a very small fracture strain (equal to the length of the virtual plastic path 
= 1e-6) for positive values of the stress triaxiality, the damage initiation in tension 
practically starts as soon as the virtual yield threshold, which is equal to the real 
flexural strength, is reached. For negative values of the stress triaxiality on the other 
hand we defined a very large fracture strain value (= 0.1), making it very unlikely 
for damage initiation to take place in compression.  
As a result a damage initiation behavior is obtained for the material model which 
resembles quite well to the real crack initiation behavior of glass (Chapter 2) with 
failure always occurring under tensile stress.  
For the damage evolution a linear damage evolution law was defined based on the 
known fracture energy per unit area (GI) which is equal to 4.4 N/m for glass (6. 4. 1. 
b).  
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Results 
The resulting mesh behavior at t=0.5 ms (Figure 6-92) shows a strong resemblance 
to the mesh behavior observed for the brittle material model with the advancing 
front hexahedral mesh (Figure 6-91).  
 
 
(a) (b) 
Figure 6-92 Model behavior impact with hard indentor on R50 glass (modeled with 
elastic-plastic material model): at top (a) and bottom (b) of the glass plate at 
t=0.5 ms.  
However, when looking at the resulting breakage pattern (Figure 6-93) we notice 
that the damage inflicted to the glass in the elastic-plastic simulation covers a larger 
area than in the brittle simulation where it is much more concentrated in the central 
zone (Figure 6-87). In addition to this, we also notice that with the elastic-plastic 
simulation besides the radial cracks, which the brittle model also produces, some 
concentric cracks appear. As in the experiments both radial and concentric cracks 
were observed, this can be considered an improvement of the simulated breakage 
behavior. 
 
(a) (b) 
Figure 6-93 Model behavior impact with hard indentor on R50 glass (modeled with 
elastic-plastic material model): at top (a) and bottom (b) of the glass plate at 
t=10 ms.  
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The resulting acceleration curve is shown in Figure 6-94 together with the 
experimentally obtained one. 
 
Figure 6-94 Comparison experimental and simulated acceleration curve for the impact 
with hard indentor on R50 glass (modeled with elastic-plastic material model).  
As was to be expected considering the similarity between the initial model behavior 
shown in Figure 6-92 and the one for the brittle model, the first part of the signal 
shows quite some resemblance with the one obtained for the brittle model as well. 
Again, this first elastic part of the simulated curve corresponds well to the 
experimental curve with the simulated values lying somewhat lower than the 
experimental ones. 
 
Although with this model the signal does stabilize to a lower value than for the 
brittle model within the simulated time of 10 ms, it still takes much longer than the 
0.4 ms found in reality to do so and the value deviates quite a bit from the expected 
value of the gravitational acceleration. 
 
In conclusion, this elastic-plastic workaround model delivers better results than 
those obtained with the brittle glass model with much less parameters. Therefore it 
could be considered a (more) favorable candidate for further calibration of the glass 
damage model. 
6. 4. 2 PET-film 
Model 
For the impactor model the same applies as for the elastic glass impact with hard 
indentor (6. 4. 1. a). 
Chapter 6 Dynamic Characterization of Glass, PET-film and Glass + SWF 
 
240 
In reality the PET-film specimen has a radius of 240 mm and is clamped between 
rubber clamping rings of radius 230 mm (6. 1. 1. b). These real boundary conditions, 
which are completely based on friction between the rubber and the film caused by 
the imposed clamping pressure, are quite difficult to model without knowledge of 
the clamping pressure. Therefore, we simplified the boundary conditions by 
modeling the film specimen as a 230 mm radius disk with its edge totally encastred.  
 
The film model itself was largely based on the results obtained for the static tensile 
test on film (Chapter 4). We used the elastic-plastic material model with ductile 
damage formulated for 4 mil raw PET. For the mesh we used the same linear, 
reduced integration, quadrilateral membrane elements (M3D4R) and the global 
mesh size of 4 mm, for which mesh convergence was obtained in that simulation.  
 
However, like for the glass, the specimen model was divided into two partitions 
resulting in a finer mesh in the center partition than in the outer one. The mesh was 
built using the medial axis free mesh technique (Figure 6-95). 
 
Figure 6-95 Finite element model of the R240 PET-film (RPET_4) impact test with hard 
indentor (with global film mesh size = 4 mm). 
The mesh convergence was verified with an additional simulation with a twice as 
fine mesh size (thus 2 mm). This yielded almost completely coinciding results. 
 
Results 
In Figure 6-96 one can see that the model behavior is quite realistic. 
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Figure 6-96 PET-film model behavior under impact.  
When comparing the experimental and simulated curve (Figure 6-97), however, the 
simulation still appears to exhibit quite some deviation from the experiment.  
 
Figure 6-97 Comparison experimental and simulated acceleration curve for the R240 4 mil 
raw PET-film impact with hard indentor. 
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The shape of the curves matches quite well but the simulation takes too long before 
breakage occurs which results in a too high duration and too high value for the peak 
acceleration.  
This is probably due to the fact that the used material model was based on a uniaxial 
quasi-static tensile test, whereas in this experiment the film was subjected to biaxial 
dynamic loading. It can be expected that the occurring higher strain rates in the 
experiment led to a lower value for the fracture strain than the one obtained in the 
quasi-static test. 
 
In addition to this the simulated signal also lags somewhat behind on the 
experimental one. 
6. 4. 3 Conclusion 
All impact models, for glass as well as PET-film, perform well for the elastic part of 
the simulation. The results obtained from these simulations confirm that the used 
linear elastic material models, which were calibrated based on statically determined 
material parameters (as discussed in the previous chapters), remain valid under 
dynamic loading conditions. 
 
However for the damage material model extensions there are still some issues. They 
are briefly discussed below. 
 
Especially for the brittle model with its complex combined action of many different 
parameters the result is highly sensitive to changes in the parameters and this in an 
unpredictable way. For the modified elastic-plastic model the number of parameters 
(and thus the complexity) has been substantially reduced but the parameter 
sensitivity remains high. 
This manifests itself chiefly in the mesh behavior. In the graphs it is less apparent 
because these exhibit a rough course anyhow. 
 
All experiments on glass, both static (see Chapter 3) as well as dynamic (6. 3. 4) 
indicate that the breakage of glass has a highly stochastic nature. The used glass 
damage models, however, are completely deterministic because they use a fixed 
flexural strength value and are therefore not capable of capturing the real 
stochasticity of the glass failure. 
 
Especially for the PET-film but also for the glass (be it less obvious due to the 
interfering numerical problems) the obtained results suggest an important influence 
of the strain rate on the material model parameters. This was not taken into account 
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in the modeling of these materials as all material models were calibrated based on 
results from static tests. 
To correctly assess the different strain rate dependencies one would actually have to 
perform tests on both materials at different strain rates. In addition to this, these tests 
would have to allow for a stringent control of the imposed strain rates. Although the 
actual determination of the material parameters in function of the strain rate falls 
outside the scope of this research, we were able to make a rough prediction of what 
material parameters are expected to be influenced and in what way. 
For the PET-film this would most probably result in lower fracture strain values at 
higher strain rates. As no values were available we tried to run the same simulation 
as before but with a fracture strain fixed (still independent of strain rate) at half the 
original one (which was determined in Chapter 4). This yielded a satisfactory result, 
meaning a corresponding decrease in the simulated maximum acceleration and 
impact duration. 
For glass this would come down to decreasing the flexural strength. In this case, 
however, the fact that the numerical modeling technique for this is still flawed 
interferes quite strongly with this. As a result simulations with a halved flexural 
strength only yielded a global decrease in the simulated acceleration levels but no 
reduction of the simulated duration of the impact phenomenon. Furthermore, the 
previously well performing elastic part was also unfavorably affected by this 
change. 
 
Based on the above mentioned problems with the glass breakage model, there was 
no point in trying to combine the models of glass, PSA and film in one model. After 
all, as long as the glass is unbroken and thus reacting elastically, the reaction of the 
glass + SWF construction is completely determined by the glass’s elastic reaction (6. 
3. 4). It is only after glass breakage that the SWF (consisting of alternating layers of 
PSA and PET-film) can start making a difference but it is exactly at that point that 
the glass model looses its accuracy. 
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Chapter 7 EN12600 
After the small-scale impact tests, discussed in Chapter 6, there was a need to 
perform large-scale impact tests on real life size window glass fitted with safety 
film. 
For this purpose our industrial partner Bekaert proposed to use the pendulum 
impactor test as prescribed in the EN 12600 standard because they already had a test 
rig available for this, which could be put at our disposal. This standardized large-
scale impact test is intended to classify glass products used in buildings by 
performance under human impact (e.g. a person walking into a glass door). 
 
In this chapter an overview is given of our efforts to perform EN 12600 tests.  
First we review the standard requirements (7. 1). Next, the received test setup with 
its shortcomings is discussed (7. 2), immediately followed by the implemented 
retrofit operation to resolve these issues (7. 3). 
After having performed a series of calibration tests (7. 4), as required by the 
standard, and having equipped the test rig with the necessary instrumentation (7. 5), 
we were able to conduct the intended experiments (7. 6). 
Finally, a finite element model of this test was built for the large-scale validation of 
the already obtained finite element model(s) of glass fitted with safety window film 
(see previous chapters). This is explained in 7. 7. 
 
7. 1 EN 12600 STANDARD 
In the following a brief summary of the requirements that are prescribed in EN 
12600 is given. 
7. 1. 1 The test apparatus 
According to the EN 12600 standard [1] the test apparatus has to comprise at least 
the parts shown in Figure 7-1. 
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Figure 7-1 Main frame with impactor [1]. 
 
The basis of the test setup is a stable main frame with prescribed internal 
dimensions, namely (1910 ± 5) mm by (847 ± 5) mm, anchored into the ground. 
This frame needs to be constructed from welded, or bolted, hot rolled steel channel 
sections with rounded edges. 
 
A clamping frame is fitted onto the main frame and is used to hold the test specimen 
in position. It consists of two symmetric rectangular frames: one fixedly attached to 
the main frame and one moveable to enable the (un)clamping of the specimen. They 
are both made of steel and have the same prescribed dimensions as the main frame. 
The necessary clamping pressure has to be delivered by a suitable clamping system 
of which no further specifications are given. 
 
On these frames rubber strips must be placed to protect the test specimen. These 
rubber strips shall be (20 ± 2) mm wide and (10 ± 1) mm thick and have a hardness 
of (60 ± 5) IRHD (International Rubber Hardness Degree) in accordance with ISO 
48.  
main frame
clamping 
frame 
impactor 
lift-and-release 
mechanism 
suspension 
cable 
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A (50 ± 0.1) kg impactor, consisting of 2 pneumatic tires with round section and flat 
longitudinal tread, is connected to two equal steel weights by means of a screw 
spindle. An example of a standard conform impactor is shown in Figure 7-2. 
 
Figure 7-2 Example impactor construction according to EN 12600 [1]. 
The tires must be inflated to a pressure of 0.35 ± 0.02MPa. 
 
The impactor is suspended from the main frame by means of a 5 mm diameter steel 
suspension cable conforming to ISO 2408. 
When the impactor is hanging freely at rest in front of the test specimen, the distance 
between the fully inflated tires and the specimen shall be between 5 and 15 mm 
(Figure 7-1) and the centre of mass of the impactor shall be within 50 mm radially 
from the centre of the test piece. 
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A lift-and-release mechanism enables the impactor to be raised and positioned at a 
certain drop height (h) and then to be released. 
The standard requires that for each drop height the lift-and-release mechanism will 
ensure that the axis of the impactor will remain in line with the suspension cable and 
that the lifting force exerted by it will be perpendicular to the impactor axis. 
7. 1. 2 The test specimens 
The standard prescribes a number of conditions the test specimens should comply 
with. The most relevant ones are briefly summed up here: 
 The test specimens shall have the following dimensions: the width is 876 ± 
2 mm and the height is 1938 ± 2 mm. 
 Before testing, the test specimen must be disconcerted from all masking 
and protection material. Then it must be left alone for a minimum of 12 h at 
a temperature of 20 ± 5°C. 
 For each drop height four pieces of identical structure and the same 
nominal thickness shall be tested. If the test specimen is built 
asymmetrically, the number of specimens must be doubled to be able to 
carry out four tests on each side, unless explicitly stated in the test report. 
7. 1. 3 Calibration of test rig 
Before actual testing can begin a calibration of the test rig must be performed. This 
is done in order to ensure that the energy transferred to the test piece by the impactor 
would be consistent between different test setups. According to the standard the 
calibration must be done using a 10 mm thick pane of thermally toughened soda 
lime silicate safety glass. The dimensions of this pane must be the same as the 
dimensions of the test specimens, namely (876 ± 2) mm by (1938 ± 2) mm. 
 
This calibration pane must be equipped with a constantan strain gauge rosette to the 
centre of the pane. The specifications of the strain gauge rosette to be used are stated 
in the standard. In addition to this a specific type manufactured by Vishay Micro-
Measurements is suggested: CEA-06-125WT-350.  
 
Important is also the restriction that is laid upon the compression of the rubber strips 
that provide clamping of the test specimen. When the test rig is loaded with the 
calibration plate, the compression of the rubber must be at least 5% and may not be 
more than 10% of the thickness.  
 
The calibration procedure implies that the impactor is swung against the calibration 
plate from six different drop heights: 200, 250, 300, 450, 700 and 1200 mm. For 
each drop height three tests must be performed. 
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For every drop height a mean peak strain value for the horizontal and the vertical 
strain is calculated. The values for these mean peak strains must fall within the 
limits given by EN 12600 (Table 7-1 and Table 7-2). 
Table 7-1 Values for mean peak horizontal micro-strain  
Drop 
height 
[mm] 
Mean peak value
[micro-strain] 
Mean peak value 
-10 % 
[micro-strain] 
Mean peak value 
+10 % 
[micro-strain] 
200 1275 1147 1402 
250 1418 1276 1559 
300 1542 1388 1696 
450 1793 1613 1972 
700 2063 1857 2269 
1200 2503 2252 2753 
 
Table 7-2 Values for mean peak vertical micro-strain 
Drop 
height 
[mm] 
Mean peak value 
[micro-strain] 
Mean peak value 
-10 % 
[micro-strain] 
Mean peak value 
+10 % 
[micro-strain] 
200 805 724 885 
250 911 820 1002 
300 1013 912 1114 
450 1181 1063 1299 
700 1389 1250 1528 
1200 1742 1567 1916 
 
As a critical note it is worth mentioning that, since this standard intends to assess the 
human impact safety of glass products, these drop heights can be expected to 
correspond to amounts of energy transmitted by human impact. Therefore these 
prescribed strain levels should be representative for situations where a real person 
runs into a window.  
However, it has been shown [3] that the impact of a person of 83 kg running from a 
distance of 2.5 m into a window only resulted in a strain level of about 1000 micro-
strain in the horizontal direction. When this value is compared to the values 
prescribed by the standard (Table 7-1), one can see that the standard is on the safe 
side as already minimum 1147 micro-strain is demanded for the lowest drop height 
of 200 mm.  
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7. 1. 4 Impact test procedure 
The test procedure that should be followed is described in the standard. Before the 
test is performed a number of conditions must be met: 
 The tests must be carried out at a temperature of 20 ± 5°C. 
 With each test the test specimen must be placed in the clamping frame so 
that the edges are encased in the rubber to a minimum depth of 10 mm. The 
rubber may not be compressed more than 20% of its thickness by clamping 
(as opposed to maximum 10% for the calibration plate). 
 The pressure of the tires of the impactor must be checked before each test. 
 
The tests are performed from three different drop heights, corresponding with three 
different classes (Table 7-3).  
Table 7-3 Drop heights [1]. 
Classification Drop height [mm]
3 190 
2 450 
1 1200 
The test starts with the lowest drop height. After the needed number of test 
specimens has been tested for one height and the requirements the standard imposes 
are fulfilled, the impactor is raised to the next one. The impactor drop height is 
increased till the height that is appropriate to the class for which the material is 
intended (Table 7-3). 
 
At each drop height the impactor must be brought to a standstill before release. As a 
result the impactor performs a pendulum movement without any initial velocity 
when it is released.  
 
Although the standard also states that the impactor may not strike the test specimen 
more than once, and thus a second impact after the rebound must be prevented, it 
fails to mention how this should be realized in practice. 
 
After each test, the test specimen is inspected and it is noted whether it conforms to 
the test requirements of the standard and to which. In addition to this, also the mode 
of breakage (disintegration or not; large, dangerous vs. small, relatively harmless 
fragments) is noted. This further enables the assessment of the safety risks a person 
is exposed to during impact. 
The performance classification of the sample material is then determined by the 
highest drop height for which the sample material passed the different test 
requirements and by the mode of breakage. 
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7. 2 EXISTING TEST SETUP 
7. 2. 1 Description 
At first sight the test setup received from Bekaert seemed to correspond quite well to 
the design proposed by the standard (Figure 7-3). 
  
Figure 7-3 Original test rig. 
Nonetheless, upon further consideration and after some initial trials it turned out that 
it suffered from quite some shortcomings, so that tests in compliance with the EN 
12600 standard were impossible and also not safe to execute. These will be 
discussed in the next section. 
7. 2. 2 Shortcomings 
The found deficiencies pertained to the compliance with the standard requirements 
but also to the safety, ergonomics and ease of use for the operators.  
Fencing 
Except for the triangular polycarbonate plates at the sides of the main frame, the 
existing test setup was not equipped with any fencing (7. 2. 1), nor does the EN 
12600 standard provide any suggestions in that direction for that matter. 
 
This entailed two major dangers. 
First of all, it was possible that small fragments of the broken glass pane could fly 
around and cause damage to the surroundings (e.g. instrumentation) or injuries to 
bystanders. 
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Furthermore there were no safety measures to contain the impactor inside the test 
station (if for some reason it would break loose from its suspension cable). This 
posed a serious risk for the safety of the bystanders as well as being a potential cause 
of extensive damage for the environment. 
 
Glass collecting box 
The function of the glass collecting box is to catch the falling glass particles from 
the broken glass panes. The original version was constructed as a set of plates that 
were welded together (Figure 7-4). It was equipped with two recesses for the forks 
of a forklift.  
 
Figure 7-4 Original glass collecting box in its intended position in the test setup. 
In Figure 7-4 one can easily notice that the container was not as wide as the 
clamping frame. Consequently, it was not able to catch all of the falling glass shards. 
Furthermore, it was very difficult to move (only possible with a forklift) and to 
empty (only by manually picking up of the pieces or vacuum cleaning). 
 
Lift-and-release mechanism 
The delivered test rig already included a release mechanism (Figure 7-5), which was 
triggered by pulling the twofold release rope and was connected to the impactor in 
quite a similar manner as proposed by the standard (Figure 7-1).  
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Figure 7-5 Existing impactor with release mechanism. 
 
However, there was no winch to lift up the impactor. Therefore the weight of 50 kg 
needed to be lifted manually by means of a cable over a fixed pulley, which is not 
ergonomic. In addition to this, positioning the load correctly and bringing it to a 
standstill at a certain drop height was not easy and there was no possibility to 
mechanically secure the impactor at that height, which posed a safety risk.  
 
System to avoid second impact  
As said before in 7. 1. 4 the results of a test are not valid if the glass pane is 
impacted twice. Therefore the impactor somehow needs to be arrested before it can 
hit the glass a second time.  
 
In the design of the original test station the only provision for this consisted of a 
rope tied to the impactor, which the operator had to pull to stop the impactor based 
on manpower only. Both from a safety and ergonomics point of view this was not an 
acceptable solution.  
 
Especially when the impactor is swung from the highest drop height and the glass 
pane does not break (e.g. during calibration tests), it retains quite some momentum 
and energy so trying to stop it could definitely prove a laborious and even dangerous 
undertaking for the operator. 
release mechanism 
twofold release rope 
impactor 
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Impactor  
The existing impactor (Figure 7-5) resembled the design proposed by the EN 12600 
standard (Figure 7-2) quite closely. It consisted of two rims fitted with tires 
sandwiched between two end weights. This assembly was held together by means of 
a central screw spindle with nuts on both ends. 
 
While executing the trial tests test it was suddenly noticed that the central screw 
spindle of the impactor was plastically bent (Figure 7-6). Apparently the impactor 
was not robust enough to withstand the numerous impacts.  
 
Figure 7-6 Bent existing impactor. 
While disassembling the original, failed impactor the causes for this failure became 
clear. When the impactor hits a glass pane, the end weights undergo considerable 
inertia forces. These are compensated by a reaction force exerted by the glass plate 
via the tires onto the impactor. In addition to this, these inertia forces also give rise 
to considerable bending moments in the impactor.  
 
This loading of the impactor construction, and more specifically the bending 
moments, caused the screw spindle to succumb because the contact surface between 
the end weights and the (inner hub of the) rims was so small (Figure 7-7) that almost 
the complete bending moment had to be absorbed by the screw spindle. This led to 
the bending of the impactor. 
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Figure 7-7 Old rim with close-up of inner hub. 
To make matters worse it was also noticed that the thread of the screw spindle had 
damaged the inner hub of the rim (Figure 7-7).  
 
From all this it was clear that a new design of the impactor, taking the above 
mentioned problems into account, was in order.  
 
Another diagnosed problem related to the impactor was the connection between the 
suspension cable and on the one hand the main frame and on the other hand the 
impactor. In the original test setup these connections were ensured by clevis hooks 
with safety catch. In Figure 7-8 this is shown for the connection between the 
suspension cable and the impactor. 
 
Figure 7-8 Old connection impactor with clevis hook with safety catch. 
damage caused by 
screw spindle 
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Due to the sometimes violent movements of the impactor, especially during the 
braking of the impactor, it was found that these hooks did not provide sufficient 
safety against the impactor breaking loose. 
 
Clamping system 
The original clamping system consisted of six toggle clamps, three on each vertical 
side of the clamping frame and equidistantly positioned (Figure 7-3). A detailed 
view of the used toggle clamps is depicted in Figure 7-9. 
 
Figure 7-9 Toggle clamp (original configuration). 
In initial trial tests it was immediately found that the required compression of the 
clamping rubber strips in the range of 5 to 10% (for calibration) was impossible to 
attain with the original clamps. The helical compression springs simply did not 
provide enough stiffness to be able to deliver the required clamping force. 
 
Therefore they were first replaced with much stiffer conical disk spring packages 
(Figure 7-10), capable of delivering much higher compression forces.  
 
Figure 7-10 Toggle clamp: disk spring configuration. 
In this way we were effectively able to attain a compression in the allowed range at 
all 6 clamps. However, the obtained compression was far from uniform and the 
compression at one clamp in particular was always flirting with the lower boundary 
of the allowable compression range. 
 
This increased force capability also had some serious downsides. First of all it led to 
a considerable increase in the force required to toggle the clamps, to the extent that 
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their operation became totally unacceptable ergonomically speaking. Secondly, after 
the exploratory tests it finally resulted in fatigue damage in one of the clamp hooks 
(Figure 7-11).  
 
Figure 7-11 Fatigue damage arising at a clamp hook. 
Furthermore, with this clamping system a change in the glass thickness of the test 
specimen required a time consuming manual adjustment of all 6 clamps. 
 
Finally, a compression test on a piece of the clamping rubber strips, showed that the 
rubber had hardened due to ageing and as a result did not comply anymore with the 
hardness specified in the standard. 
 
All of the above mentioned arguments finally led us to take the drastic decision to 
completely abandon the existing clamping system together with its clamping frame, 
and design and build a whole new version of the both. 
 
7. 3 RETROFIT OF THE TEST SETUP 
Several adaptations were made in order to make the test rig comply with the 
standard requirements and to make it safer and more practical in use. 
7. 3. 1 Fencing 
To ensure the safety of every one that comes near the test rig, as well as to protect 
the surroundings of the test station, a fenced safety zone was created all around the 
test station. This fencing included measures to contain both airborne glass fragments 
and the impactor inside this safety zone. 
 
Front side 
At the front of the test station a new frontal frame was added to the setup (Figure 
7-12). Polycarbonate plates were mounted on it to contain airborne glass shards. 
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Additionally, steel plates and a full steel grid were installed to further protect the 
operator from being hit by the impactor. 
 
Figure 7-12 Added frontal frame and sidelong strip curtains. 
 
Sides  
The sides of the testing frame were closed by mounting sidelong strip curtains 
(Figure 7-12). By doing so no glass shards can escape the test station via that way. 
 
Rear side 
Similarly as for the front side, the dangers in this case were both airborne glass 
splinters and the impactor. However, the fencing of the back side of the setup 
required special attention as we wanted to be able to film through it with a sensitive 
high-cost high-speed camera. Therefore, it was divided in two parts (Figure 7-13).  
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Figure 7-13 Rear screening. 
The upper half is closed off with a steel plate which is designed to withstand an 
impact by the impactor in case it goes straight through the tested specimen. Also 
glass splinters are stopped by this of course. 
 
The lower half is closed with a pane of tempered glass. The reason for the use of this 
glass pane is to enable us to film the impact reaction of the test specimen with the 
high-speed camera. Glass was preferred over polycarbonate because of its higher 
hardness and thus scratch resistance. 
 
Both this glass plate and the original triangular polycarbonate plates on the sides of 
the main frame have been fitted with safety window film. For the polycarbonate 
plates on the sides, this was to create some protection against scratches due to 
impacting shards. For the glass plate this has been done to ensure that breakage of 
the glass plate would not damage the high-speed camera instrumentation. In both 
instances the safety window film can simply be replaced when it gets too damaged. 
7. 3. 2 Glass collecting box 
As explained under 7. 2. 2 the original glass collecting box was not satisfactory. 
Therefore a new glass collecting box was made (Figure 7-14). 
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Figure 7-14 New glass collecting box. 
As can be seen from Figure 7-14 it covers a bigger surface in order to be able to 
catch more glass particles.  
 
Due to the limited space and accessibility in the laboratory room where the test rig is 
stationed, it was impossible to use a forklift to transport the container. Therefore 
wheels were placed under the container as a means of transporting it.  
 
Regarding the emptying it must be noted that for smaller glass shards vacuum 
cleaning proved to be the simplest way around. However, for substantial amounts of 
larger fragments, especially occurring when testing numerous specimens of pure 
glass, the possibility to use a fork lift aided ‘fall-through’ emptying could be very 
useful. 
For this purpose two extra features were added to the new glass collecting box: a 
framework for lifting by the forklift and a sliding bottom, offering the possibility to 
slide open the bottom of the box. 
7. 3. 3 Lift-and-release mechanism 
There was opted to install a self-braking mechanical winch to allow the operator to 
raise the impactor to a desired drop height. For this purpose a winch cable was 
connected to the existing release mechanism of the impactor (Figure 7-5). Both the 
winch cable and the twofold release rope were guided to the front of the frontal 
frame over three pulleys mounted in the cantilever beam.  
 
The winch itself was mounted on the front side of the frontal frame so it could be 
operated together with the release rope of the release mechanism in a safe way, 
protected from both the impactor and airborne glass shards (Figure 7-12) 
 
However, the issue was not resolved as simple as that. The standard clearly states (7. 
1. 1) that in order to perform a test, the axis of the impactor has to be in line with the 
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suspension cable. At the same time the applied lifting force (thus winch cable) needs 
to be perpendicular to the axis of the impactor.  
 
The original test rig with the addition of a simple winching system over a fixed 
pulley was not able to comply with these two requirements at the same time. This is 
illustrated in Figure 7-15 for the situation where the axis of the impactor is indeed in 
line with the suspension cable (marked in green) which automatically results in the 
winch cable (marked in red) not being perpendicular to the impactor axis (as 
required by the standard). 
 
Figure 7-15 Non-compliance with one of the EN 12600 requirements. 
 
To overcome this problem a parallel arm that swings around the same rotation point 
as the suspension cable was designed. The resulting complete lift-and-release 
mechanism is shown in Figure 7-16. 
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Figure 7-16 Complete lift-and-release mechanism.  
Please note that some parts belonging to the braking system are already shown on 
the above figure. They will be discussed in detail in 7. 3. 4. For now we can suffice 
by remarking that special care had to be taken in the design to avoid interference of 
the many different components of the lift-and-release mechanism and the braking 
system. 
 
As can be seen in Figure 7-17 now both EN 12600 requirements are perfectly 
fulfilled. 
 
Figure 7-17 Raising force applied perpendicularly to the impactor axis, in line with the 
suspension cable, by means of the swing arm. 
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7. 3. 4 Braking system 
To provide the necessary braking capability in order to avoid a second impact of the 
impactor an appropriate braking system was sought to implement in the design.  
 
We considered different possibilities to slow down the impactor automatically after 
its first impact. An important issue was the fact that the height to which the impactor 
rebounds after its first impact depends on the amount of energy that is transmitted 
onto the test specimen at the first impact, which can vary considerably (depending 
on whether the specimen remains unharmed or breaks and if so, to what extent).  
 
Therefore there was opted to use a manually controlled mechanical braking device, 
namely the I’D D20S self-braking descender, a tool used in the world of alpinism 
and wall climbing. It was mounted on the frontal frame and was used in combination 
with a braking rope connected to the impactor, via a guiding bracket (Figure 7-18). 
 
Figure 7-18 Overview braking system. 
The self-braking function of this component gently slows down the braking rope 
when it is subjected to a sudden force (thanks to the pivoting cam triggering). This 
first of all results in a transfer of the required braking force directly to the frontal 
frame instead of to the operator. This ensures that this person is not subjected to any 
force during the braking process. Furthermore, as this device is capable of braking 
the impactor in a more gradual manner, the required peak braking force can be 
minimized. Another benefit is that it provides the possibility to completely block the 
braking rope, so the impactor can be secured at a certain height. 
I’D D20S 
self-braking 
descender 
braking rope 
guiding bracket 
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7. 3. 5 Impactor 
As mentioned under 7. 2. 2, what resulted in the failure of the impactor, was the fact 
that the upper and lower weight were insufficiently supported. To ensure that the 
same kind of failure would not occur again, the design was altered. 
 
The main problem of insufficient support for the weights was eliminated by using 
two rims that are flat (Figure 7-19) instead of the old ones equipped with an inner 
hub (Figure 7-7). This provides a larger contact surface to support the bending 
moments in the impactor construction caused by the inertia forces of the end weights 
at impact. In this way the central spindle can be relieved to a large extent.  
 
Figure 7-19 New rim. 
Of course this will result in a force being exerted on the surface of the rims. To help 
withstand this pressure a part of the needed weight was put in the centre of the 
impactor, providing the necessary support for the rim surface (Figure 7-20). 
 
  
(a) (b) 
Figure 7-20 Centre weight: (a) alone, (b) with one rim fitted to it. 
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With this change another advantage came along, namely the fact that now less mass 
was needed in the end weights of the impactor. This resulted in a compacter design 
with lighter and smaller end weights, and thus smaller inertia induced forces and 
bending moments originating from them, while maintaining the total mass of 50 kg 
as required by the standard.  
 
To clamp the rims between the new end weights and the centre weight four bolts 
were used on each side, ensuring a more rigid impactor. Of course the used bolts 
needed to be preloaded as they are subjected to a dynamic loading cycle. The 
resulting compact subassembly is shown in Figure 7-21. 
 
Figure 7-21 Impactor subassembly with new central spindle separately displayed on top. 
 
The central spindle itself was also redesigned to withstand larger forces (Figure 
7-21). This was done by choosing a larger diameter and a stronger steel with a 
higher yield strength value. Furthermore we decided not to use a threaded rod, but a 
full rod with only threaded ends. This change resulted in two benefits. Firstly a 
threaded rod is always much weaker than a full rod due to stress concentrations. 
Secondly, the thread on the central spindle in the original design acted as a series of 
sharp edges that were pushed into the metal of the rims. So by now ensuring no 
thread is present in the central part of the spindle, no such damage to the rims can 
occur.  
 
One more thing was changed during this retrofit action. As the standard EN 12600 
states that a rounded profile is needed for the tires which was not the case in the 
original design, new appropriate tires were mounted. In the same operation the inner 
tubes were replaced.  
Special attention was paid to the sort of valve, as different sorts exist. To ensure that 
one can easily access the valve through the valve groove, a bent valve was chosen 
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(Figure 7-22). In comparison to the old design this was an extra improvement 
because the standard requires the tire pressure to be checked before each test. 
 
Figure 7-22 Bent valve new inner tubes. 
 
A final change involved the prevention of the undesired-for breaking loose of the 
impactor. For this purpose the original clevis hooks (Figure 7-8) were replaced with 
safely secured shackles, as depicted in Figure 7-23. 
 
Figure 7-23 New connection impactor with secured shackle. 
7. 3. 6 Redesign clamping (frame + system) 
The first step was to determine the clamping force the clamping system needed to be 
able to exert on the clamping frame to reach a uniform compression of the clamping 
rubber with 10%. This is discussed in 7. 3. 6. a. Next we had to find a suitable 
design of the clamping system and frame, able to respectively deliver and withstand 
this clamping force (7. 3. 6. b). A solution with centrically applied pneumatic 
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pistons was chosen. Finally, as explained in 7. 3. 6. c, an extra frame was conceived 
to provide support for these pneumatic pistons. 
7. 3. 6. a Determination of required clamping force 
For the determination of the required clamping force we modeled first the old 
clamping situation in Abaqus/Standard. As the clamping construction of the glass 
plate is symmetric we were able to simplify the model by modeling only one half of 
it. As can be seen on the cut view of the model in Figure 7-24, it consists of the glass 
plate (modeled as a rigid body because for the same symmetry reasons it cannot 
exhibit any out-of-plane deformations), a rectangular rubber strip, a rectangular steel 
strip and a rectangular steel tube. 
 
Figure 7-24 Finite element model old clamping situation: cut view. 
 
Since the steel strips are welded on the steel tubes, it is evident that in our Abaqus 
model, these parts are tied to one another. The upper side of the rubber is glued to 
the steel strip, so a tie is used. As the lower side of the rubber is simply pressed onto 
the glass plate, contact with friction is the most realistic choice. The friction 
coefficient was defined as 0.9 (Chapter 6). However, we also ran the simulation with 
a tie defined between rubber and glass. As this can be considered the situation where 
due to the extra restriction on the movement of the rubber the highest clamping force 
will be obtained, this should provide us with an upper boundary to the clamping 
force. 
 
Regarding the boundary conditions, the rigid body glass plate was encastred and a 1 
mm displacement was imposed on the complete top surface of the steel tube of the 
clamping frame. In this way we could easily meet the requirement of 10% rubber 
compression (10 mm thick) and let Abaqus calculate the reaction forces. 
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For the steel parts a rather course mesh consisting of linear tetrahedral (C3D4) and 
linear, reduced integration hexahedral elements (C3D8R) was used. Not much 
attention had to be paid to this because almost no deformations are expected in these 
parts. 
 
Figure 7-25 Steel mesh. 
The rubber is a different story. Because the rubber is expected to undergo large 
deformations, a fine mesh is absolutely necessary. Moreover, a lot of problems with 
convergence of the calculations were encountered. We finally obtained satisfactory 
results with a hybrid, reduced integration, quadratic, hexahedral element mesh with 
four layers through the thickness (Figure 7-26). 
 
Figure 7-26 Rubber mesh. 
  
Whereas for the steel the trivial linear elastic material model could be used with 
Young’s modulus = 210 GPa and Poisson’s ratio = 0.3, for the clamping rubber the 
material parameters had to be determined with the same inverse modeling technique 
as was used for the material model of the soft indentor in the small-scale drop 
weight modeling (Chapter 6). The procedure followed here was completely similar 
to that. We will briefly summarize it below, with special attention for the few 
differences. 
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A quasi-static compression test was performed with a tensile testing machine on a 
piece of the same rubber, sized 20 x 20 x 10 mm, and the same test was modeled in 
Abaqus/Standard (Figure 7-27).  
  
(a) (b) 
Figure 7-27 Compression test rubber piece: (a) experiment, (b) finite element model. 
Between the rubber and the steel crush plates the same contact with friction with a 
value 0.9 for the friction coefficient was defined. Again the model required one 
central node of the rubber block to be tied for the simulation to calculate. 
Note that the value of 0.9 for the friction coefficient is a guiding value found in 
literature (Chapter 6) and that the exact value is actually not known. To make sure 
that (slightly) differing values for this parameter would not compromise the 
reliability of the outcome of this simulation on which, through the material model of 
the rubber, the simulated clamping force and consequently the rest of the clamping 
redesign was based, we did some simulations with different values to get an idea of 
the parameter sensitivity. This showed that the precise value of the friction 
coefficient is not critical in these simulations.  
 
As boundary conditions a linearly increasing displacement of 1 mm is imposed on 
one of the crush plates while the other one is encastred. 
 
In this case we only worked with a linear elastic material model for the rubber as the 
strains were limited to 10%. Here also the value of the Poisson’s ratio was taken 
equal to 0.475. As a result only the Young’s modulus (E) needed to be calibrated.  
For this we started from the IRHD 60 hardness (in accordance with ISO 48) 
specified by the EN 12600 standard (7. 1. 1). With the calculation methods 
described in ISO 48 [2] an estimate of the E-value around 4 MPa was obtained.  
With this value already a realistic model deformation was obtained (Figure 7-28). 
 
Figure 7-28 Simulated deformation. 
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However, the simulated force peak value, which amounted to 275 N, was 
considerably higher than the experimentally measured value of 190 N. Therefore we 
proportionally changed the value of E to 2.75 MPa. With this value a peak force of 
188 N was obtained, so we could consider E = 2.75 MPa a suitable value. 
 
Using this value for E, the simulation yielded a total required clamping force 
amounting to 54.5 kN. As even a worst case simulation with ties between the rubber 
and both the steel frame and the glass yielded a force of 60.5 kN, we could be 
confident that the required clamping force would not exceed a value of 
approximately 60 kN. 
7. 3. 6. b How to exert clamping force 
At this point we had established that the clamping force was far too high (7. 3. 6. a) 
to be delivered by pure manpower. It was therefore decided to use pneumatic pistons 
to deliver the necessary clamping force. 
 
The question remained where to position these pistons and how many to use, with as 
most important requirement to realize an as uniform as possible compression of 10% 
in the clamping rubber. 
  
Our first idea was to use a design similar to that of the old clamping frame and 
system (Figure 7-9), where the 6 toggle clamps would be replaced with 6 pneumatic 
pistons which would pull on sturdier versions of the hooks that failed in the old 
design. 
 
To check if this would be a viable solution a finite element simulation, completely 
analogous to the previous one, was performed but now the clamping frame was 
provided with 6 rigid blocks representing the sturdier versions of the old hooks and 
the displacement of 1 mm was now imposed onto these blocks instead of to the 
whole clamping frame top surface. 
As now deformation of the frame was to be expected, the mesh was changed to a 
finer version with modified tetrahedral, quadratic, full integration (C3D10M) 
elements. 
 
The frame itself shows a quite significant deformation (Figure 7-29), consisting of a 
bending around the longitudinal axis of the frame and a shear deformation of the 
longitudinal beams of the frame. Both are due to the eccentric loading conditions the 
frame is exposed to and are highly unwanted because they lead to a non-uniform 
compression of the clamping rubber and further increase the required clamping force 
to reach the wanted compression of the clamping rubber. 
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Figure 7-29 Simulated out-of-plane displacement [m] of old clamping frame concept with 
6 hooks. 
 
This unfavorable frame deformation behavior is reflected in the compression of the 
rubber along the length of the rubber part. Because the model is symmetric, we only 
studied a path along one long and one short side of the rubber rectangle, as is shown 
in Figure 7-30. 
 
Figure 7-30 Studied path along rubber strip. 
 
Figure 7-31 shows the compression of the rubber along this path.  
± 1 m
± 2 m 
0
path
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Figure 7-31 Simulated rubber compression evaluated along its contour for old clamping 
frame concept with 6 hooks.  
Consistent with the frame deformation shown in Figure 7-29, the compression varies 
between 7.5%, at the center of the horizontal side of the frame, and 9.5% in the 
vertical side of the rubber. Although these values fall within the limits prescribed by 
the standard for the rubber compression in a calibration test, namely 5 to 10% of its 
height, we decided that a new design was in order, because of the non-uniformity of 
the compression. 
 
For this new design we opted to use steel tubes of the same type as used in the old 
clamping frame, namely DIN 2395 100 x 50 x 8 mm.  
 
The main problem of the old frame appeared to be the eccentricity of the forces 
exerted on it. Therefore it was decided that in the new design the forces needed to be 
applied centrically as much as possible. This of course includes both the force 
exerted by the new clamping system (pistons) and the reaction force exerted by the 
clamped glass on to the moveable clamping frame. 
 
As a first step we dealt with the reaction force. With the origin of force for this 
reaction force located at the center of the contact zone between the glass and rubber 
strip and the prescribed internal dimensions of the clamping frame (7. 1. 1) it was 
impossible to realize a centric loading of the frame (Figure 7-32). 
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Figure 7-32 Cross-section view of old clamping situation (conform EN 12600). 
Therefore we permitted ourselves a small deviation from the standard, at least from 
the letter of it, and applied the prescribed clamping frame internal dimensions (1910 
x 847 mm) to the rubber instead. In this way the centric loading could be realized 
while at the same time ensuring clamping conditions completely equivalent to those 
obtained with the clamping frame as described by the standard (Figure 7-33).  
 
Figure 7-33 Cross-section view of new clamping situation (equivalent to EN 12600). 
Consequently, based on Figure 7-33 the appropriate dimensions of the (two 
rectangular steel frames of the) new clamping frame could be readily determined. 
1910 (length); 847 (width) 
50 
steel strip 
glass plate 
1938 (length); 876 (width) 
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An additional advantage of using a smaller frame was that it would be easier to 
assemble the parts: the rubber belt could be attached directly to the steel frame 
(Figure 7-33) without the necessity of placing a steel strip in between as was the 
case for the old clamping frame (Figure 7-32).  
 
Regarding the clamping system, the clamping forces were decided to be applied 
centrically by a number of pneumatic pistons. 
 
To verify whether the above described adaptations yielded the intended result and to 
make a well-founded decision on the number of pistons to be used we performed a 
finite element analysis for two cases, one with six pistons and one with eight pistons. 
In both cases a displacement of 1 mm was imposed on the piston rod connectors, 
modeled as rigid bodies tied to the clamping frame on the correct positions. 
 
In Figure 7-34 and Figure 7-35 contour plots of the simulated out-of-plane 
displacements for the new clamping frame concepts are shown. 
 
Figure 7-34 Simulated out-of-plane displacement [m] of new clamping frame concept with 
6 pistons. 
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Figure 7-35 Simulated out-of-plane displacement [m] of new clamping frame concept with 
8 pistons. 
These simulations indeed show that the clamping frame deforms considerably less 
with the 6 pistons solution than for the old 6 hook concept. With the concept with 8 
pistons this deformation is even further reduced.  
This evidently also results in a much more favorable situation for the rubber 
compression (Figure 7-36). As expected, here also the 8 piston solution outperforms 
the other proposed concepts. 
 
Figure 7-36 Comparison simulated rubber compression evaluated along its contour for 
new clamping frame concepts with 6 or 8 pistons. 
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The above clearly demonstrated that the solution with 8 pistons was the best. The 
chosen pneumatic cylinders, C95SDB125-150 by SMC, are double acting single rod 
pistons with a 125 mm bore size, resulting in a maximum theoretical force of 12.3 
kN (for an operating pressure of 10 bar), and a stroke of 150 mm. The stroke was 
chosen as a compromise between on the one hand limiting the space between the 
two clamping frames when open to prevent the loaded test specimen from falling 
over, while at the same time leaving enough clearance to be able to unload heavily 
deformed test specimens fitted with safety window film as a whole. 
7. 3. 6. c Design of the piston support frame(s) 
The pneumatic cylinders which were introduced in 7. 3. 6. b of course had to be 
provided with a suitable support (Figure 7-37). We chose to build two U-shaped 
piston support frames (D) which could be attached to the existing main frame (A), 
one on each side of the frame and each providing support for four pistons (C). The 
dimensions of the support frames were determined by the required space for the 
pneumatic cylinders and the space required to fit this frame with the clamping frame 
(B) and the main frame. 
 
Figure 7-37 New concept clamping system.  
Because the piston support frames had to be retrofitted to the existing main frame 
with fixed dimensions which imposed certain restrictions and because the pneumatic 
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pistons had a fixed centric position (with regard to the clamping frame) an eccentric 
loading of the piston support frames was unavoidable (Figure 7-38). It was therefore 
certain that the piston support frames would also be subjected to torsion.  
 
Figure 7-38 Eccentric loading on piston support frame.  
For this reason it had already become clear in the early design phase that only 
profiles with a closed section were eligible options for constructing the support 
frame. The chosen steel tubes were cold formed with a rectangular section of 120 x 
60 mm and a thickness of 6.3 mm, in accordance with DIN 59411. 
 
We first of all had to verify that the proposed piston support frame design would be 
able to cope with the four-piston loading. This was done by means of a finite 
element simulation. In this simulation the maximum force achievable for the chosen 
pneumatic pistons, namely roughly 12.5 kN, was imposed on four rigid blocks tied 
to the piston support frame, representing the four piston connection blocks. The ends 
of the support frame were encastred. A very fine modified tetrahedral, quadratic, full 
integration (C3D10M) element mesh was used. 
 
Due to the very fine mesh, the contour plots used below are shown without visible 
edges. Otherwise the figures would be so crowded with all the element edges that 
the color contours would not be visible anymore.  
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A first check concerned the yield strength. For this purpose a contour plot of the 
simulated von Mises stress was made (Figure 7-39). The limits of the contour plot 
were adjusted so that the regions where the von Mises stress is higher than the yield 
strength of steel, 235 MPa, are colored grey.  
 
Figure 7-39 Simulated von Mises stress [Pa] in piston support frame. 
We clearly see that at the corners of the frame two small zones exist where the 
simulated von Mises stress exceeds the yield strength. The question we now had to 
answer was whether this simulated exceeding of the yield strength really indicated a 
problem.  
 
First of all one should always be aware that unrealistically sharp edges as they 
typically appear in the geometry of finite element models, and to which the corners 
in this model are no exception, are very susceptible to give rise to equally unrealistic 
simulated stress concentrations. This means that the stresses at the corners given by 
the simulation are very likely to be exaggerated but at the same time actually entails 
that this simulation does not allow us to come to a conclusion about the question if 
the steel frame will yield or not.  
 
We therefore took one step back and made a much simpler two-dimensional finite 
element model using one-dimensional beam elements in a non-commercial software 
program, PPRasta, developed at UGent.  
The calculations done with this model indicated that the highest occurring stress 
amounted to only 74% of the yield strength, so that there would be a significant 
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safety margin. It seems doubtful that the slight eccentricity of the forces, which 
could not be taken into account in this simplified two-dimensional calculation, 
would increase the stresses by such a vast amount that suddenly the yield strength 
would be exceeded. 
 
One must also bear in mind that the forces imposed in this simulation are a strong 
overestimation, namely 50 kN exerted on each piston support frame corresponding 
with a 100 kN total force exerted by the two piston support frames onto the 
clamping frame, whereas in 7. 3. 6. a the needed value for this was estimated at only 
approximately 60 kN. 
 
Therefore we concluded that the possibility that the yield strength might be 
exceeded near the corners of the frame did not pose a real concern.  
 
The real problem lay in possible excessive deflection which could hamper the proper 
function of the pneumatic cylinders. Therefore we had to make sure that the 
deformation of the piston support frame stayed well within limits. This fell into two 
checks. 
First of all the transversal displacement (along Y-axis in Figure 7-40) was checked.  
 
Figure 7-40 Simulated transversal displacement [m] of piston support frame. 
A maximum deflection of approximately 5 mm is found. This as such was not 
expected to cause any problems. 
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With regard to the correct functioning of the pneumatic cylinders it was more 
important to check the angular deflections at their connection blocks. A maximum 
angular deflection of about 0.4° was found to occur at the two blocks in the middle 
and was oriented around the X-axis (Figure 7-40). Although this value might seem 
very small, it could be problematic for the pistons and therefore between the piston 
support frame and the cylinders the necessary biaxial hinging elements (with ball 
joint) were provided and the pistons rods were connected to the clamping frame with 
self-aligning floating joints. 
 
Next let us take a look at the connection with the main frame (Figure 7-41). At the 
end of the horizontal tubes of the support frame (A), a steel block (B) is welded. A 
second steel block (C) is welded onto the flange of the main frame (D). Block B and 
C are connected through 4 bolts.  
 
Figure 7-41 Connection between piston support frame and main frame. 
This construction was chosen because it provided the necessary flexibility to correct 
for the unavoidable misalignments when trying to mount a new frame onto an 
existing and already used one while at the same time allowing for an easy 
disassembly and reconstruction. Before installing the support frame the subassembly 
of the horizontal tubes (A), the blocks B and the blocks C was prepared. This 
complete subassembly was then mounted onto the old main frame with welding 
joints. The bolted joints between the blocks B and C ensured that the support frames 
could be easily taken off again. 
 
An assessment now needed to be made of the load which would be exerted onto the 
existing main frame by the piston support frame. This was also obtained from the 
above described simulation of the piston support frame by requesting the reaction 
forces and moments exerted on the ends of the frame. The implications of this 
information were twofold.  
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First of all care had to be taken that the connection between the two frames (bolts 
and welding joints) would be able to withstand these imposed loading conditions. 
For this the necessary analytical calculations, including weld calculations according 
to NBN 212-1970 [4], proved that no problems were to be expected. 
 
Secondly, we had to make sure that the existing main frame would be able to 
withstand these loading conditions (forces and moments) exerted on it by the piston 
support frame. For this the piston support frame model was expanded to include the 
relevant part of the main frame as well. As can be seen in Figure 7-42 this consists 
of a U-section column (A). It is welded to the horizontal beam (B) of the main frame 
and an oblique beam (C) supports its upper end. 
 
Figure 7-42 Support frame connected to main frame. 
In Abaqus, we only modeled the U-section column (A). The oblique support beam 
was modeled as a rigid plate tied to it and which is encastred. The weld joint with 
the horizontal beam was taken into account by encastring the lower side of the U-
section. A similar fine mesh was used as for the piston support frame. The complete 
model is shown in Figure 7-43. 
A C
B
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Figure 7-43 Finite element model of piston support frame connected to main frame. 
 
Figure 7-44 shows the von Mises stress state for the U-section only, with a close-up 
of the area where the highest value occurs. 
 
Figure 7-44 Simulated von Mises stress [Pa] in main frame. 
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As can be seen no excessive stresses are found. The von Mises stress remains well 
below the yielding threshold. From Figure 7-45 it is clear that the deformations are 
negligibly small (below 0.25 mm).  
 
Figure 7-45 Simulated deflection [m] in main frame. 
 
Consequently we could conclude that the forces and moments exerted by the new 
piston support frames would not pose a problem for the existing main frame and the 
above described clamping system design solution was accepted. 
 
This meant this design was ready to be put in production. However, before actually 
doing so one more issue had to be resolved, namely the loading and unloading of the 
test specimens.  
 
In the old setup they were simply put on a ridge mounted underneath the fixed part 
of the clamping frame (Figure 7-46). As a result they were actually positioned too 
low with regard to the rubber frame, resulting at the top edge of the specimen in a 
non-compliance with the standard’s requirement of an encasement of at least 10 mm 
(7. 1. 4). 
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Figure 7-46 Old specimen (un)loading support. 
 
In the new version, which is illustrated in Figure 7-47, showing the new clamping 
setup, with a close-up of the new (un)loading support, this was solved by using two 
fixed sliding blocks in combination with an up- and downward moveable sliding 
bar.  
 
Figure 7-47 New clamping setup with close-up of (un)loading support. 
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During loading and unloading of the specimen the sliding bar is put in its upward 
position, thereby creating, in combination with the wooden bench placed next to the 
setup, one level platform to facilitate an easy (un)loading movement by sliding. 
Before the specimen is clamped, the sliding bar has to be put in its downward 
position, to make way for the moveable clamping frame. The specimen is then 
positioned in exactly the right position, supported solely by the two fixed sliding 
blocks (Figure 7-48). 
 
Figure 7-48 Test specimen resting on the two sliding blocks. 
 
7. 4 CALIBRATION TESTS 
We followed the calibration procedure as outlined in 7. 1. 3. 
We first of all had to determine the necessary air pressure in the pneumatic pistons 
to realize the rubber compression between 5 and 10% as required for a calibration 
test by the standard. After some trial and error we found a value of 3 bar. For this 
pressure the rubber compression measured at every piston varied between 6 and 
10%, which is within the limits prescribed by the standard. 
 
However, we were a bit puzzled by the fact that despite all our efforts to realize an 
as uniform as possible compression the spread was yet so large. Since the force 
delivered by every piston was now completely the same, the reason for this non-
uniformity had to be sought elsewhere. 
It was found that the main reason for this was the variation in the rubber encasement 
around the frame. Although the encasement distance globally remained well above 
the lower boundary of 10 mm set by the standard, it did vary considerably (order of 
magnitude 5 mm). This was mainly due to misalignment errors of the clamping 
rubber strips (small errors of a few mm but outside standard tolerance limits of 2 
mm). As could be expected, regions where the glass plate was deeper encased in the 
rubber resulted in a smaller compression of the rubber and vice versa.  
sliding block (2 x) 
sliding bar
test specimen 
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Although it could have been possible to further improve on the uniformity of the 
compression by repositioning the clamping rubber more accurately, we decided 
against this as the standard requirements were already fulfilled. Moreover, during 
the construction of the clamping frame it had proved to be quite difficult to correctly 
position the rubbers within a tolerance limit of a few mm (EN 12600 actually 
prescribes ±2 mm but this was not achieved). So it would have been quite a 
challenge to redo it within an even more stringent tolerance interval. 
7. 4. 1 Results of the calibration tests 
The results are summarized in the two graphs below (Figure 7-49 and Figure 7-50), 
where the measured values are compared with the limits as prescribed by the 
standard. 
 
Figure 7-49 Horizontal mean peak strain calibration curve. 
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Figure 7-50 Vertical mean peak strain calibration curve. 
As can be seen in Figure 7-49 the measured horizontal strain levels lie well within 
the range prescribed by the standard. The vertical strains on the other hand (Figure 
7-50) fall just outside this range. 
 
Even though we were quite confident that the test station now complied with every 
requirement of the standard and the found deviations for the vertical calibration 
strain levels were not at all dramatic, we did investigate what the influencing factors 
were to get an idea of what could possibly be done to increase the strain levels (7. 4. 
2). 
7. 4. 2 Influencing factors 
The following potential influencing factors were identified and studied. 
Influence tire pressure 
This parameter most certainly had an important influence on the measured strain 
levels. However, when we restricted its variation to the range prescribed by the 
standard (7. 1. 1) the found influence was nearly non-existent. 
Influence mass impactor 
As for the tire pressure no significant influence was found for the mass of the 
impactor when it was varied within the EN 12600 tolerance limits (7. 1. 1). 
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Influence drop height deviation  
Due to the fact that with the available lifting system the drop height could only be 
set with a limited accuracy, it was important to check what the influence of the 
potential small deviations (of about 10 mm) on the drop height would be. An 
insignificant influence of a few % was observed at low drop heights but this 
decreased to a completely negligible influence at higher drop heights. Therefore we 
could not expect this factor to be responsible for the found low vertical calibration 
strain values. 
Influence calibration plate  
The thickness of the used calibration plate was found to be slightly lower (order of 
magnitude 0.2 mm) than the prescribed value of 10 mm (no tolerance is mentioned 
in the standard). However, using a thicker plate would evidently further decrease the 
measured strain values rather than increasing them. 
To exclude other potential influences resulting from the used calibration plate 
similar calibration tests were performed with a different plate but again no 
significant differences were found. 
Influence piston pressure 
By changing the piston pressure we could influence the rubber compression. A 
change in the piston pressure from 0 to 5 bar resulted in an increase of only 3% in 
the measured vertical strain peak levels. This also was not considered a significant 
influence. Moreover, from a piston pressure of 1 bar on no further increase of the 
measured strain levels was obtained. So again, tuning this parameter was not a 
feasible option to significantly increase the calibration strain levels. 
Influence glass plate position 
As we had noticed that the encasement of the glass in the rubber had quite a big 
influence on the rubber compression, it was not unconceivable that a slight eccentric 
positioning of the glass plate could result in an already important asymmetric rubber 
compression state. To completely rule out the possibility that this would in any way 
be linked to the found low strain values, we repeated the calibration test with the 
glass plate positioned completely to one side. Since this resulted in negligibly small 
deviations on the measured strain values we could indeed also exclude this 
parameter as an influencing factor. 
Conclusion 
After having reviewed all of these potential influences, we could do nothing but 
conclude that it was not possible with the built test setup to reach the required 
vertical strain levels in the calibration test, at least not while staying within the 
requirements set by the standard (e.g. tire pressure).  
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7. 5 INSTRUMENTATION 
7. 5. 1 Strain gauges 
We conducted trial tests with the same strain gauge rosettes as used on the 
calibration pane (7. 1. 3). They were now applied to the center of regular test 
specimens fitted with safety window film which were tested until breakage. As at 
that time we had not yet found the proper adhesive to mount them on safety window 
film we were only able to perform tests with the strain gauge applied to the glass 
surface. The impact surface was then the film surface. 
 
As long as no breakage of the glass occurred reproducible strain curves were 
obtained which resembled the ones obtained with the calibration plate quite well. 
 
If breakage of the glass occurred, no meaningful readings were possible. Every 
measurement resulted in different curves because the measured strain levels were 
greatly influenced by the crack pattern around and underneath the strain gauge. 
These crack patterns are highly stochastic and exhibit a great deal of spread. 
If a crack runs through the spot were the strain gauge is mounted this can even result 
in the complete ripping of the strain gauge, rendering the measured signals 
completely useless because they are saturated. 
 
Consequently, there was opted to quit measurements with strain gauges on 
specimens tested till breakage. 
7. 5. 2 High-speed camera 
During exploratory tests there was experimented extensively with the high-speed 
camera. Besides the need for a safe place to put the camera, which was taken care of 
during the retrofit (7. 3. 1), again the same issues as encountered during the filming 
of the small-scale drop weight tests had to be tackled (Chapter 6): the trade-off 
between frame rate and resolution and the lighting. The used setup is shown in 
Figure 7-51. 
Study of Impact on Window Glass Fitted with Safety Film 
 
292 
 
Figure 7-51 EN 12600 high-speed camera setup. 
The used frame rate and resolution combinations were 384 x 384 pixels at 15000 
frames/s and 512 x 384 pixels at 12000 frames/s.  
 
The resulting image sequences could serve two purposes. First of all, before 
breakage they could be used to quantify the evolving contact area of the rubber tires 
with the glass plate. In Figure 7-52 an example is shown for an impact with an 
elastic rebound of the impactor where no breakage occurred at all. This could be 
interesting for finite element modeling (7. 7). 
  
Figure 7-52 High-speed images showing contact area of rubber tires, captured at 12000 
frames/s (no fixed time interval between shown frames). 
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Secondly, they allowed us to investigate the breakage behavior (crack nucleation 
and propagation) as illustrated in Figure 7-53. 
  
Figure 7-53 High-speed image sequence at 15000 frames/s showing crack initiation and 
propagation.  
7. 5. 3 Tracking 
To measure the velocity of the impactor we decided to use a tracking technique. It 
had the advantage that no expensive extra instrumentation equipment (such as 
accelerometers) had to be purchased, nor did we have to expose such kind of 
sensitive equipment to the harsh impact environment full of damaging glass 
fragments. This would most certainly have required additional major changes to the 
impactor to be able to integrate this equipment so that it remained unharmed. 
Moreover, this tracking technique provided us with a means to visually monitor 
what was actually going on, which aided in validating the obtained results. 
 
For the relatively low velocities to be measured a fairly simple video camera was 
sufficient. We used the available Pixelink color camera, which at its highest frame 
rate of 90 fps was able to attain a resolution of 624 by 480 pixels.  
Care had to be taken to set the exposure time at sufficiently low values to avoid 
blurring of the images, especially at the highest impactor speeds occurring during its 
inbound movement. An example of such blurring, which makes the images useless 
for velocity extraction, is shown in Figure 7-54. 
However, a compromise had to be found because too low exposure time resulted in 
extremely underexposed images which were equally useless. 
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Figure 7-54 Example blurred image resulting from too high exposure time. 
 
The velocity extraction from the video images was done by tracking markers 
attached to the impactor. For maximum contrast (which is definitely essential 
because the exposure of the images has to be kept so low) we opted to use white 
markers against a black background.  
 
One marker has been affixed intentionally by winding some teflon tape at the lower 
end of the impactor rod. However, also other highly reflective spots (bolt heads and 
spacers) which provided enough contrast with the black background, proved to be 
viable candidates for tracking. The impactor with all of its markers (both intentional 
and unintentional) against the provided black background is shown in Figure 7-55. 
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Figure 7-55 Impactor with markers and black background. 
The tracking was performed with the commercial software MaxTRAQ. This will be 
explained in detail in 7. 6. 2. 
 
7. 6 EXPERIMENTS 
We first of all have to mention that for the tests we performed we did not completely 
follow the test procedure as given in the standard. The reason for this was that our 
main focus was not to perform a certification of a certain type of window glass 
construction, but to gain an insight in the impact resistance of the construction of 
glass fitted with safety window film and the parameters that influence it. 
7. 6. 1 Test program 
As mentioned above the standard test procedure was not strictly adhered to. For 
instance for the drop height we only used the highest possible value of 1200 mm in 
the test program.  
As was the case for the small-scale drop weight tests, exploratory tests with 
subsequent impacts at increasing drop heights on the same specimen had shown a 
large scatter of the drop height at which the specimen failed. This is due to the large 
teflon marker
unintentional markers 
(bolt heads and spacers) 
Z 
X
Y 
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spread of glass flexural strength and results in the fact that no conclusions can be 
drawn about the influence of the SWF. 
They also showed that breakage was almost certainly assured for a drop height of 
1200 mm. Therefore all tests were performed from this drop height, in this way 
ensuring glass breakage at first strike. Consequently the influence of the safety 
window film on the impact resistance can be assessed. 
 
Another deviation resulted from the limited availability of specimens. By the time 
the extensive retrofit of the test setup as explained under 7. 3 was completely 
finished, there was no more time left to start preparing new specimens (ordering 
glass specimens, laminating the SWF and allowing the PSA to cure). Therefore we 
used a batch of specimens which were prepared (mounted with SWF) by Bekaert.  
Although this allowed us to conduct a quite extensive test program on short notice, it 
also brought along some serious disadvantages. When composing our test program, 
we could only choose from the available specimens with fixed parameters as they 
were delivered to us. For instance all glass of the specimens had a trimmed side 
finishing. Furthermore, the safety window film of all specimens had some kind of 
metallic coating applied to it. This is merely intended for solar control purposes by 
limiting the transmittance of certain light wavelengths (IR, visible light) and should 
not affect its mechanical properties. 
 
In addition to this, of these specimens not all parameters, especially concerning the 
mounting (laminated surface, lamination type, curing time and temperature) were 
documented. We did succeed in determining the laminated surface ourselves by 
checking that property post-mortem. 
 
The enumeration of the tested specimens is given in Table 7-4. 
Table 7-4 Overview test program. 
Thickness Mounting 
procedure 
Laminated 
surface 
Impact 
surface 
# 
glass [mm] SWF [mil]     
4 8 unknown TS film 2 
4 8 unknown TS glass 1 
6 4 unknown AS film 2 
6 4 unknown 1 AS, 1 TS glass 2 
6 8 unknown AS film 3 
6 8 unknown AS glass 3 
6 10 unknown AS film 2 
6 10 unknown AS glass 2 
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7. 6. 2 Processing 
As explained in 7. 5. 3 we had to track marker(s) attached to the impactor to obtain 
the velocity of the impactor. This tracking was performed with the MaxTRAQ 
software and will be discussed in detail below.  
 
In the MaxTRAQ software package the video sequence showing the marker(s) to be 
tracked was loaded. First step was then to set a scale in order to enable the software 
to convert the measured positions or distances in pixels to the corresponding 
positions or distances in meter. Therefore the first image in each sequence always 
had to be a capture of a reference grid (with known pitch). For this purpose a 
reference grid was placed in approximately the same vertical plane perpendicular to 
the glass plate as where the markers are present. This was done to minimize the 
scale errors which would result from different distances of the camera lens to the 
reference grid on the one hand and the markers on the other hand. An example of 
such an image with the scale already set is shown in Figure 7-56. 
 
Figure 7-56 Screenshot of setting scale by means of reference grid. 
Next step was then to digitize the point(s) to be tracked. This was done manually by 
clicking on the position of the (center of the) marker in each frame. An example for 
the case of the teflon marker is shown in Figure 7-57. 
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Figure 7-57 Screenshot digitizing teflon marker. 
The resulting list of X- and Y-coordinates of the different positions of the marker 
was then exported to an ASCII file which was used for further analysis. By applying 
a central differentiation scheme the velocity in the X- and Y- direction could readily 
be derived.  
 
Since we were interested in the maximum velocity before and after impact and these 
velocities occur around the lowest point in the pendulum movement of the impactor 
where the movement is nearly horizontal, we only considered the position and 
velocity in the X-direction. 
 
In principle it should have been sufficient to track only the teflon marker. From this 
the consecutive positional coordinates of the marker and after differentiating its 
velocity could be obtained. Assuming simple pendulum rotation of the impactor 
around the attachment point of the suspension cable to the frame we were then able 
to convert this velocity to the centre of mass. Finally we determined the maximum 
velocities before and after impact. 
  
However two problems arose.  
First, it was noticed that one single inaccurately tracked frame, e.g. due to bad 
contrast, interfering reflections or just from not having digitized exactly in the center 
of the marker (e.g. due to a blurred marker image), could lead to deviating, extreme 
values for the calculated velocity based on the position derived from that frame. 
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Consequently, there was a good chance that these erroneous values would end up 
getting chosen as the maximum velocity value. 
Secondly, in many cases, during its rebound the impactor exhibited rotational 
movements superposed on its pendulum movement. These movements included both 
rotation around its horizontal axis (Y-axis in Figure 7-55) and spinning around its 
own vertical axis (Z-axis in Figure 7-55). As a result, the assumption of simple 
pendulum rotation around the attachment point of the suspension cable to the frame 
no longer held and the velocity of the centre of mass could no longer be derived 
from the teflon marker velocity alone. 
 
In order to obtain reliable results whilst at the same timing minimizing the 
calculation efforts we adopted the following processing scheme. 
 
For the inbound movement, which is always a simple pendulum movement, we only 
tracked the teflon marker which was digitized as point 1 (Figure 7-57). To minimize 
the effect of potential tracking inaccuracies we averaged the obtained velocities over 
some frames before the lowest point of the impactor.  
This yielded results which could be verified by comparing them with the 
theoretically expected velocity of the centre of mass at impact, calculated as follows:  
 smmg /85.42.12 =  (7.1) 
The resemblance with the experimental values was very good (Table 7-5). 
 
For the rebound movement we had to make a distinction between two cases.  
 
When the impactor still performed a simple pendulum movement we continued 
tracking only the teflon marker. Again we averaged the obtained velocities over 
some frames after the lowest point of the impactor.  
 
In case the impactor showed additional rotational movements on top of its pendulum 
movement during its rebound we reconstructed the movement of the rigid impactor 
body on the basis of 3 tracked points. The procedure is elaborated below by means 
of an example exhibiting pronounced additional rotational movement of the 
impactor. For this example a series of screenshots showing a few of the available 
video images with the 3 digitized points is shown in Figure 7-58. 
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(1) (2) 
 
(3) (4) 
Figure 7-58 Image sequence (no fixed time interval between shown frames) showing 
rebound of impactor with 3 digitized points. 
 
Based on the coordinates of the digitized points 2 and 3, corresponding with two 
spacers located on the bottom of the lower weight of the impactor, the angle of the 
rigid impactor body was determined in each frame. From the coordinates of 
digitized point 1, corresponding with the teflon marker, we were able to, based on 
the above mentioned angle and the known constant distance between the teflon 
marker and the centre of mass of the impactor, calculate the coordinates of the centre 
of mass of the impactor for each frame. From these the velocity of the centre of 
mass could readily be determined by differentiation (Figure 7-59).  
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Figure 7-59 Comparison between the rebound velocity (in X-direction ) of the centre of 
mass of the impactor calculated from 3 digitized points and the velocity 
calculated from digitized point 1 only. 
The velocity based on three points fluctuates with a small amplitude around a 
straight line with a slightly negative slope. This is consistent with the additional 
rotational movements of the impactor being mainly centered on its centre of mass. 
Hence, the centre of mass of the impactor still describes a pendulum trajectory 
around the attachment point of the suspension cable to the frame. 
 
The velocity calculated from only digitized point 1 (corresponding with the teflon 
marker), assuming a simple pendulum movement of the impactor as a whole, 
deviates quite severely due to the interfering effects of the additional rotational 
movements of the impactor which are not adequately dealt with by this calculation 
method.  
 
Analogously, based on the known dimensions of the impactor body, the coordinates 
of the contour of the impactor body were calculated for each time frame. By plotting 
these coordinates for each time frame on a graph with in the abscissa and ordinate 
the X- and Y- coordinates respectively, the movement of the complete contour of the 
impactor body could be reconstructed. This reconstructed movement is depicted in 
Figure 7-60. 
It clearly shows (from left to right) the impactor rotation around the horizontal axis 
through its centre of mass (Y-axis in Figure 7-55) which is in good agreement with 
the movement perceived from the video images (Figure 7-58).  
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Figure 7-60 Reconstruction of the rigid impactor body movement. 
Note that the above described method, by nature, is insensitive to possible spinning 
of the impactor around its own axis.  
 
Two crosschecks were performed to validate the obtained results. First of all for the 
specimen tests with a pure pendulum movement during the rebound, the two above 
described methods were compared. The results matched within a few percents.  
Secondly, in the very few cases where the spinning component of the impactor 
rotation movement was negligibly small we tried out a variant of the method with 
three tracked points described above. Hereby we performed the reconstruction of the 
rigid body movement based on four tracked points which allowed us to integrate 
more averaging in the calculation. The results were in good accordance with those 
obtained with the calculation method with three tracked points (maximum 9% 
difference).  
 
On condition that the impactor effectively rebounded, which was the case for all 
specimens in the test program, the above described procedure yielded both the 
impact and rebound velocities for all specimens. Based on these velocities we were 
able to calculate the percentage of energy loss of the impactor proportional to the 
value at impact as 
 2
22
rebound
reboundimpact
v
vv −
 (7.2) 
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This provides a measure for the (relative) amount of energy dissipated during the 
impact.  
Only if the specimen does not show a too big opening this dissipated energy can be 
considered to be absorbed by the specimen, dissipated in glass breakage and safety 
window film deformation and rupture. As soon as an opening arises through which 
the impactor can (partially) pass, the friction between the impactor and the edges of 
the opening will surely also contribute to the energy dissipation. This had to be 
taken into account when interpreting the impactor energy loss results (7. 6. 3. b).  
7. 6. 3 Experimental results and discussion 
The analysis of the results was divided into a qualitative and a quantitative part. In 
both cases the following influences were investigated: 
 Film thickness 
 Glass thickness 
 Impact surface 
7. 6. 3. a Qualitative analysis 
For the qualitative analysis the post-mortem pictures showing the breakage patterns 
were studied. Typical breakage patterns for the different samples are shown in 
Figure 7-61 till Figure 7-64. 
  
(a) (b) 
Figure 7-61 Typical breakage patterns for 4 mm glass fitted with 8 mil finished good 
SWF: (a) for impact on film surface, (b) for impact on glass surface. 
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(a) (b) 
Figure 7-62 Typical breakage patterns for 6 mm glass fitted with 4 mil finished good 
SWF: (a) for impact on film surface, (b) for impact on glass surface. 
  
(a) (b) 
Figure 7-63 Typical breakage patterns for 6 mm glass fitted with 8 mil finished good 
SWF: (a) for impact on film surface, (b) for impact on glass surface. 
Chapter 7 EN 12600 
 
305 
  
(a) (b) 
Figure 7-64 Typical breakage patterns for 6 mm glass fitted with 10 mil finished good 
SWF: (a) for impact on film surface, (b) for impact on glass surface. 
Influence of the film thickness 
In Figure 7-62 and Figure 7-63 we can observe that the differences between the 4 
and 8 mil thick SWF are rather limited. In both cases the glass breaks and the film is 
torn. We do notice a difference between the impact on film and glass surface but this 
influence will be discussed separately below. 
Conversely, for the 10 mil safety window film (Figure 7-64) only the glass breaks 
but the safety window film stays intact, thereby safeguarding the structural integrity 
of the specimen. This is significantly better performance from a human impact 
safety point of view. 
 
Influence of the glass thickness 
To study this influence we have to compare the specimens with 4 mm and 6 mm 
thick glass both fitted with 8 mil finished good safety window film (Figure 7-61 and 
Figure 7-63). Both for the 4 mm as well as for the 6 mm thick glass we obtain 
breakage of the glass and rupture of the film. 
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Influence of the impact surface 
In a global assessment of all resulting breakage patterns (Figure 7-61 till Figure 
7-64) impact on the glass surface appears to result in more damage inflicted to the 
specimen as compared to impact on the film surface.  
For the 6 mm glass specimens fitted with 8 mil safety window film this is especially 
distinct because the impact on the glass surface results in a big hole in the film 
(Figure 7-63 (b)) whereas for impact on the film surface only limited tearing of the 
film occurs (Figure 7-63 (a)). 
In addition to this, for the 6 mm glass specimens fitted with 4 or 10 mil finished 
good safety window film, impact on the glass surface leads to finer shattering of the 
glass in comparison with impact on the film surface (Figure 7-62 and Figure 7-64). 
7. 6. 3. b Quantitative analysis 
An overview of the obtained quantitative test results, namely the impact velocity and 
energy loss of the impactor, is given in Table 7-5. 
Table 7-5 Overview test results. 
Thickness Impact 
surface
# 
(*)
Impact 
velocity 
[m/s] 
Energy 
loss 
impactor 
[%] 
glass 
[mm] 
SWF 
[mil] 
   avg stdev 
4 8 film 1 4.86 95.3 / 
4 8 glass 1 4.81 93.4 / 
6 4 film 1 4.89 95.3 / 
6 4 glass 2 4.88 98.5 0.6 
6 8 film 3 4.85 95.4 0.5 
6 8 glass 3 4.85 99.3 1.2 
6 10 film 2 4.86 89.8 0.8 
6 10 glass 2 4.91 90.3 / 
(*): Here the number of specimens is given for which velocity measurements are 
available and on which the given sample means and standard deviations are based. 
 
Influence of the film thickness 
The relevant sample means and standard deviations to assess this influence on the 
energy loss of the impactor are shown in Figure 7-65. Please note that for some 
samples no standard deviation could be calculated because only one measurement 
was available (Table 7-5). 
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Figure 7-65 Influence film thickness on impactor energy loss. 
As confirmed by the qualitative observations on the breakage patterns (7. 6. 3. a), no 
difference between the 4 and 8 mil samples is found. For the 10 mil specimens, by 
contrast, a drop in the energy loss is noticed. This influence, which can be qualified 
as significant considering the standard deviations for the 10 and 8 mil samples 
impacted on their film surface, corresponds with the qualitative observation that of 
these specimens, while they all resulted in glass breakage, the 10 mil film managed 
to stay intact as opposed to the 8 mil film which got moderately torn. As a result the 
impactor energy loss can be interpreted as the energy absorbed by the specimen in 
this case (7. 6. 2) and this higher energy absorption for the 8 mil than for the 10 mil 
film specimens can be attributed to the tearing of the 8 mil safety window film. 
 
Influence of the glass thickness 
Again the relevant sample means and, if enough specimens were available to 
calculate them, standard deviations are shown for the impactor energy loss in Figure 
7-66. 
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Figure 7-66 Influence glass thickness on impactor energy loss. 
Although overall the results indicate an increasing trend for the impactor energy loss 
in function of glass thickness, this is not considered significant due to the fact that 
only one specimen is available for both samples with 4 mm thick glass. 
 
Influence of the impact surface 
By looking at both Figure 7-65 and Figure 7-66 it is immediately clear that no 
consistent influence of the impact surface can be distinguished. 
 
The 6 mm glass fitted with 10 mil SWF specimens show no influence whereas for 
the 4 mm glass with 8 mil SWF specimens a slightly larger impactor energy loss is 
obtained for the impact on the film surface. However, neither of these influences can 
be deemed significant because only one specimen was available in three out of the 
four involved samples. 
 
For the 6 mm glass specimens fitted with 4 or 8 mil finished good safety window 
film, we notice a slightly higher value for the impactor energy loss in case of impact 
on the glass surface (Figure 7-65). This influence, which considering the standard 
deviations is definitely significant for the 8 mil specimens, can be mostly attributed 
to the fact that for these specimens the impact on the glass surface resulted in an 
opening large enough for the impactor to pass through (Figure 7-62 (b) and Figure 
7-63 (b)). As a result the impactor lost part of its kinetic energy due to friction by 
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pushing itself through this hole, and sometimes even got stuck (this occurred for two 
out of the three 8 mil specimens impacted on their glass surface).  
 
Consequently, based on the available results it is not possible to assess the influence 
of the impacted surface on the energy actually absorbed by the specimen. 
7. 6. 3. c Conclusion 
Regarding the influence of the film thickness we found that the 4 and 8 mil thick 
safety window film performed very similarly. This is valid for both the resulting 
breakage patterns (glass broken and film torn) as well as the impactor energy loss. 
The 10 mil safety window film, by contrast, did display considerably better 
performance. In this case only the glass broke and the safety window film succeeded 
in safeguarding the structural integrity of the specimen. The energy loss of the 
impactor was lower than for the 4 and 8 mil safety window film. 
 
No significant influence of the glass thickness (when varied between 4 and 6 mm) 
was found, neither on the breakage patterns nor on the measured energy loss of the 
impactor. 
  
Whereas impact on the glass surface did appear to result in more damage as 
compared to impact on the film surface, no consistent influence of the impact 
surface on the energy loss of the impactor could be distinguished. 
 
7. 7 FEM 
Since we had not been able to obtain a satisfactory damage model for the glass 
(Chapter 6) at this point we only attempted to build a model of the elastic impact on 
the calibration glass plate, thus including a totally elastic glass plate, the impactor 
with its two pneumatic tires and the appropriate boundary conditions for the 
clamped glass plate.  
 
It must be mentioned that below we will merely give a short outline of the key 
aspects of this finite element analysis with a focus on the most important challenges 
and problems that were encountered. Also, since with this model we did not reach 
the stage where we could use it for comparison with quantitative results from real 
experiments, no quantitative simulation results are given. 
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7. 7. 1 Realistic boundary conditions  
In reality the glass plate is clamped between the two clamping frames. As explained 
under 7. 3. 6. a a model of this was already built to determine the required clamping 
force. However, now also the fixed clamping frame had to be added to the finite 
element model. 
 
With this model we were able to simulate the quasi-static clamping situation in 
Abaqus/Standard. The dynamic impact simulation however, had to be performed in 
Abaqus/Explicit. Therefore we split the problem up into two models. The clamping 
simulation was done in Abaqus/Standard and the impact simulation in 
Abaqus/Explicit with the results from the first simulation being used as a starting 
point for the second simulation. 
 
This had two advantages. First of all simulating this quasi-static compression of the 
clamping rubber would have required very small time increments and thus very long 
calculation times in Abaqus/Explicit. In Abaqus/Standard this only takes a fraction 
of this time. Moreover this allowed for the Abaqus/Explicit simulation of the impact 
itself to be run as many times as wanted (e.g. for different impact velocities) while 
the Abaqus/Standard clamping simulation only had to be run once.  
7. 7. 2 Impactor 
The most difficult part to model was the impactor and especially the tires.  
 
The main reason why the tires were hard to model is that, although it is known that 
besides the obvious rubber there are steel belts present that reinforce the rubber tire 
body, we lacked the details about the exact construction of the tire.  
Since we did not have a spare tire to cut open and because tire vendors and 
producers do not share this kind of technical information we were unable to obtain 
this information nor did we know the material properties of the rubber.  
 
Therefore we resorted to a literature search on this kind of modeling issue. We 
found an example in the Abaqus documentation [5]. It proposes an already rather 
complex model of a car tire as is shown in Figure 7-67.  
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Figure 7-67 Tire cross-section [5]. 
The tread and sidewalls are made of rubber, and the belts and carcass are constructed 
from fiber-reinforced rubber composites. The rubber is modeled as an 
incompressible hyperelastic material, and the fiber reinforcement is modeled as a 
linear elastic material. 
 
In addition to this, the tires are filled with compressible air which should also be 
incorporated to obtain a realistic model. 
 
As these issues were too much to tackle all at once and also because the car tire 
construction found in the Abaqus example did not necessarily match that of the 
specific type of tires used for the impactor, a first very rough approximation was 
attempted by modeling solid rubber tires. Based on the round cross-section of the 
used impactor tires as required by the standard (Figure 7-2), the modeled tires were 
given a semicircular cross-section.  
 
However, as explained above, we had no information about the material properties 
of the rubber. Supported by observations during experiments filmed with the high-
speed camera (7. 5. 2) we knew that the rubber showed large deformations. 
Therefore it could be assumed that a hyperelastic material would be best suited. 
Since there was no easy way to determine the hyperelastic model parameters of the 
rubber without destroying the tires we decided to use the same hyperelastic material 
model as proposed in the Abaqus example problem [5]. 
 
As this solid rubber is incompressible while in reality the tire is filled with 
compressible air, these solid rubber tires do not exhibit realistic behavior (Figure 
7-68). 
bead
sidewall
tread
beltscarcass
Study of Impact on Window Glass Fitted with Safety Film 
 
312 
 
Figure 7-68 Simulation with solid rubber tire. 
Next the tires were modeled with a hollow rubber section. A cross-cut view of the 
new model of the impactor is shown in Figure 7-69. 
 
Figure 7-69 Impactor model with hollow tires. 
The following step was to inflate these tires with a static pressure. For the same 
reasons as for the clamping rubber compression this quasi-static inflation simulation 
was run in Abaqus/Standard after which the results were transferred to the 
Abaqus/Explicit model of the impact.  
However, as can be seen in Figure 7-70, the tires swell up to a completely unrealistic 
degree. 
 
Figure 7-70 Simulated inflation rubber tires. 
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This was due to the fact that in our model up till now pure rubber had been used 
which resulted in a much too low stiffness. Consequently, it became clear that some 
kind of reinforcement for the rubber would have to be incorporated into the model 
for it to be able to yield more realistic results. 
 
Since, as mentioned earlier, the realistic reinforcements are quite complicated to 
model and moreover are actually not known for the type of tires in question, we 
introduced a belt that covers a large part of the internal surface of the tire. It was 
modeled with membrane elements because we wanted it to have a high stiffness in 
tension but no bending stiffness. This membrane was assigned the linear elastic steel 
material parameters and a thickness of 0.5 mm. The connection to the internal 
surface of the rubber tire was done with a tie definition. 
The rubber tire and steel membrane are shown in Figure 7-71 
 
(a) (b) 
Figure 7-71 Enhanced tire model consisting of a rubber tire (a) and a steel membrane 
reinforcement (b) 
When we take a look at the simulation of the inflation of this enhanced tire model 
(Figure 7-72), we see that the membrane succeeds at restraining the expansion of the 
tire.  
 
Figure 7-72 Simulated inflation enhanced tire model. 
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When we look at the impact simulation, we see that the deformation is still not 
completely realistic (Figure 7-73). 
 
Figure 7-73 Simulated impact with inflated enhanced tire model. 
From this it was clear that the tires and especially the rubber reinforcement were not 
yet adequately modeled. Also, the constant air pressure applied inside the tire model 
does not resemble the actual pressure exerted by the air inside the real tires well 
enough. 
Consequently, enhancements to be looked into in future research include trying to 
obtain a better model of the tire body and also modeling real air behavior inside the 
tires, instead of using a constant pressure.  
 
To build a more realistic model of the tire body first of all a better means of 
modeling the rubber reinforcing would be in order, e.g. by using embedded elements 
carrying rebar layers as proposed by the Abaqus documentation [5, 6]. The question 
where to place those reinforcements, however, remains because in our specific tire 
there is no clearly defined tread (where in the Abaqus example the reinforcing belts 
are located).  
Next, by using inverse modeling the stiffness of these rebars could be iteratively 
changed until a match is obtained between the simulated and the filmed real 
deformation behavior (7. 5. 2). Alternatively, one could cut a piece out of such a real 
tire. This would enable us to perform quasi-static tensile tests on it to determine the 
rebar stiffness while at the same time allowing us to check its construction, thus 
solving the question where exactly to put the reinforcements. 
 
To model realistic air behavior hydrostatic fluid elements [7] or surface-based fluid 
cavities [8] could be used. By using the ideal gas law these allow for the internal 
pressure to increase as the volume decreases. 
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7. 7. 3 Conclusion 
In the building of the finite element model of the EN 12600 test two aspects were 
identified as being the most challenging: modeling the realistic boundary conditions 
of the glass plate clamped between the two rubber-lined clamping frames and 
modeling the impactor, more specifically the pneumatic tires. 
A finite element model of the realistic boundary conditions for the clamped glass 
plate is available and performs well. 
The model of the impactor on the other hand does not yield realistic results yet. The 
most important improvements which are in order concern the model of the rubber 
tire body with its steel reinforcements and the incorporation of realistic air behavior. 
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Chapter 8 CONCLUSIONS 
This chapter comprises an overview of the conclusions of this work (8. 1) and some 
perspectives on future research (8. 2). 
8. 1 CONCLUSIONS 
8. 1. 1 Overview 
In this PhD the construction of glass fitted with safety window film was 
investigated.  
Therefore the first thing we did was analyzing this construction which resulted in the 
identification of the three basic constitutive materials: glass, PET-film and PSA. A 
literature study was then conducted on all these materials. This yielded their relevant 
properties with a focus on those characterizing their mechanical behavior.  
Based on the collected information we decided to use only annealed float soda lime 
silicate automotive monolithic glass and single-ply safety window film 
constructions. For the procedure to mount the safety window film no decision could 
be made yet at this point because no best practice mounting procedure was available.  
 
As a next step the static mechanical behavior of the three basic materials was 
separately characterized. 
 
Glass was the first basic material we looked into. The conducted resonance tests 
yielded values for the elastic material properties in close resemblance with the 
values found in literature. The strength properties were determined through four-
point bending and axisymmetric bending. A high-speed camera was used to monitor 
crack initiation and propagation. First thing to notice was the large spread of the 
results. Furthermore, both from the high-speed images and the found three times 
higher flexural strength values for the axisymmetric bending, we could conclude that 
the edge influence could be greatly reduced by using the axisymmetric bending 
setup instead of the four-point bending.  
 
Next in the set of basic materials was the PET-film. Tensile tests showed that within 
the tried range (up to 500 mm/min) the loading rate had no significant influence on 
the tensile properties, nor had curing at temperatures up to 50°C. The film thickness 
as well as the presence of PSA and/or HC had some influence on the investigated 
parameters. Finally, the film orientation had a considerable influence on all the 
investigated parameters.  
Taking into account the above information we built different, strain rate and 
temperature independent elastic-plastic finite element models including damage for 
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the 4 and 7 mil raw PET-film and the 4 mil finished good safety window film. The 
observed anisotropy was not incorporated into the model but its influence was taken 
into account by using parameter values averaged between the machine and the 
transverse direction and defining the fracture strain equal to the lowest fracture 
strain value, namely for the transverse direction. 
The simulated deformation behavior, including the necking, as well as the resulting 
nominal stress-strain curve from the tensile test simulation corresponded well with 
the experimental results. 
The tear and penetration resistance test results merely provided an insight in the 
tearing behavior of the PET-film and some of its influencing factors. These results 
were not incorporated in the finite element model of the PET-film. 
 
The third and last basic material to be characterized was the PSA.  
As no univocally defined, best practice mounting procedure was available we first 
devised a set of standard mounting procedures. Subsequently, we conducted two 
types of quasi-static tests to assess the adhesion of the PSA between the PET-film 
and glass, namely peel and shear tests. 
The peel test results in the first place allowed us to make a well-founded decision on 
what standard mounting procedure (lamination type, curing temperature and curing 
time) would be used in the rest of the research. Considering both the resemblance 
with the realistic mounting conditions and the practicality we adopted the following 
approach. For small specimens we opted for dry lamination, cured during 2 days at a 
temperature of 40°C whereas for large specimens, wet lamination was preferred with 
curing at room temperature during at least 1 month.  
Furthermore the peel and shear test results enabled the assessment of the different 
factors of influence. The influence of the mounting procedure as well as the 
laminated surface was found to be significant both in peel and shear tests. The 
loading rate, mounting PSA thickness and peel angle influence were only studied for 
the peel tests and were found to have a significant influence. 
Of the above stated influences, except for the peel angle which was accounted for in 
the finite element simulations by modeling the peeling at the same angle as in the 
corresponding experiments, none could be readily incorporated into the finite 
element model. This was the main reason why we did not include these parameters 
in the model. 
As only the best practice mounting procedure for small specimens, namely dry 
lamination with curing at 40°C during 2 days was used in the shear tests we decided 
to base the model on the results obtained with this mounting procedure. In addition 
to this, the results were averaged between the air and tin surface because of the 
nearly inexistent influence of this parameter in the impact tests. 
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For the shear tests used to calibrate and the peel tests used to validate the PSA 
model, the test speeds amounted to 5 and 50 mm/min respectively. The mounting 
PSA thickness for normal safety window film is equal to a certain standardized 
value. Therefore it is natural to simply calibrate and validate the PSA model based 
on the results of shear and peel tests performed on this standard mounting PSA 
thickness. 
After establishing that the method based on cohesive elements was the best PSA 
modeling technique, the calibration itself was done by inverse modeling of the shear 
test. This yielded a very good correspondence with the experimental results. Since 
this model, which was calibrated based on mode II shear experiments, also yielded 
realistic results under the mode I failure typical for peel tests, a reliable finite 
element model of the PSA under static loading conditions was obtained. 
 
At this point, after the completion of the static characterization of the three basic 
materials, we were ready to start the dynamic characterization. Two different test 
setups were used for this dynamic characterization: a small-scale drop weight impact 
test setup and a large-scale pendulum impactor test rig in accordance with EN 
12600. 
 
For the small-scale drop weight tests a new test facility was designed, realized and 
equipped with an extensive range of thoroughly tested and cross-validated high-
frequency instrumentation. With this setup an experimental program was conducted 
on 100 round specimens, comprising glass, 4 and 7 mil raw PET-film and the 
combination of glass fitted with 4 and 7 mil safety window film. The round shape of 
the specimens in combination with the imposed axisymmetric impact loading 
conditions were expected to reduce the glass edge influence, as had been 
demonstrated in the static axisymmetric bending test. 
 
This enabled us to draw the following conclusions about the impact and fracture 
behavior of the tested materials.  
First we discuss the specimens containing glass.  
Whereas the observed large scatter of the glass breakage related results provided 
confirmation of the high level of stochasticity involved in the glass fracture process, 
the elastic response of all glass (+ SWF) specimens, which was found to be 
completely determined by the glass, on the other hand was very reproducible. 
Furthermore, the influencing factors were determined. Overall, the impact behavior 
of the specimens after glass breakage was considerably influenced by their impacted 
surface. Impact on the film surface led to a more pronounced ‘belly’ in the 
acceleration curve and an increase in the velocity loss and thus an increase in the 
resistance of the safety window film. 
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Impact with the soft indentor resulted in a much smoother course of the acceleration 
and velocity curves compared with those obtained for the impact with the hard 
indentor. Furthermore, for the soft indentor impact a significant influence of the film 
thickness was observed, with a thicker film resulting in an increased resistance. 
Of all tested specimens only for the soft indentor impact on the film surface, the 
impactor was halted by the safety window film for 3 specimens out of a total of 12 
(1 for 4 mil SWF thickness and 2 for 7 mil). This is in contrast with all other tested 
specimens where the indentor was found to penetrate the film. 
For the PET-film specimens only the film thickness was identified as being of 
influence with a higher thickness evidently increasing the impact resistance. 
 
The results of the experimental program were also used to validate the finite element 
models of glass and PET-film under impact conditions. For this purpose the 
different types of performed tests were modeled with the correct boundary 
conditions and indentors. 
All these impact models, for glass as well as for PET-film, yielded very good results 
for the elastic part of the simulation. This confirmed that the used linear elastic 
material models for glass and PET-film, which were calibrated with statically 
determined elastic material parameters, also held under dynamic loading conditions. 
However, for the damage material model extensions some issues remained. They are 
briefly discussed below. 
For both tried glass damage model versions, brittle as well as elastic-plastic, a high 
parameter sensitivity was noticed. For the brittle model the situation was further 
complicated by the large number of parameters. 
From literature and all experiments it was clear that the breakage of glass was 
inherently a highly stochastic process. The used glass damage models, however, are 
completely deterministic and are therefore not capable of capturing the real 
stochasticity of the glass failure. 
Especially for the PET-film but also for the glass the obtained results point towards 
an important influence of the strain rate on the material model parameters. This 
influence was not taken into account in the modeling of these materials as all 
material models were calibrated based on results from static tests. To correctly 
assess the different strain rate dependencies one would actually have to perform tests 
on both materials at different, strictly controlled strain rates. This falls outside the 
scope of this research. 
Considering the above mentioned problems with the glass breakage model and the 
fact that the reaction of the glass fitted with safety window film construction is 
completely determined by the elastic reaction of the glass up till the moment the 
glass breaks, we did not combine the models of glass, PSA and PET-film in one 
model of the complete glass + SWF construction.  
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For the large-scale pendulum impact tests according to EN 12600 first of all the 
available test setup was completely retrofitted to make it comply with all standard 
requirements and to ensure the safety, ergonomics and ease of use for the operators.  
The standard calibration tests showed that the setup fulfilled the requirements for the 
horizontal strain levels and only just failed for the vertical strain levels. A study of 
the influencing factors revealed there was no easy way of improving this. 
 
The performed test program yielded the following conclusions. 
The film thickness was found to have a significant influence on the resulting 
breakage patterns as well as on the impactor energy loss. For the 10 mil safety 
window film only the glass broke and the safety window film succeeded in 
safeguarding the structural integrity of the specimen as opposed to for the 4 and 8 
mil thick safety window film which both resulted in breakage of both glass and 
safety window film. Moreover, the impactor energy loss was lower for the 10 mil 
safety window film than for the 4 and 8 mil safety window film. This influence is 
consistent with the found film thickness influence for the small-scale drop weight 
tests with the soft indentor. 
Whereas impact on the glass surface did appear to result in more damage as 
compared to impact on the film surface, no consistent influence of the impact 
surface on the energy loss of the impactor could be distinguished. By contrast, for 
the small-scale soft indentor drop weight impact an apparent influence of the 
impacted surface was found. 
Regarding the glass thickness no significant influence (when varied between 4 and 6 
mm) was found, neither on the breakage patterns nor on the measured energy loss of 
the impactor. 
 
Finally, a finite element model was built of this test with a view to the validation of 
the finite element model of glass fitted with safety window film under large-scale 
impact conditions. Modeling the realistic boundary conditions of the glass plate 
clamped between the two rubber-lined clamping frames and modeling the impactor, 
more specifically the pneumatic tires were identified as being the key issues. 
A finite element model of the realistic boundary conditions for the clamped glass 
plate was built and it performed well. The model of the impactor on the other hand 
does not yield realistic results yet. The most important improvements which are in 
order concern the model of the rubber tire body with its steel reinforcements and the 
incorporation of realistic pressurized air behavior. 
8. 1. 2 Comparison with the objectives 
Comparing the above stated conclusions with the objectives as they were initially 
formulated in Chapter 1 yields the following results. 
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Regarding the first objective concerning the fundamental knowledge on the impact 
and fracture behavior of glass fitted with safety window film it is clear that for the 
three basic materials the static (breakage) behavior was fully characterized. Small-
scale drop weight impact tests were performed on glass, PET-film and glass fitted 
with safety window film to characterize their dynamic (fracture) behavior. Further 
knowledge on the large-scale impact behavior was obtained with the EN 12600 
tests. Based on the results from all these tests several influencing parameters were 
identified.  
 
The two impact test setups, small-scale drop weight and EN 12600, were designed 
and realized. Especially the implementation, optimization and validation of the 
extensive instrumentation of the small-scale drop weight test setup as well as the 
complete retrofit of the existing EN 12600 test station required a lot of time and 
effort. 
 
With regard to the numerical simulation model the following was realized. 
For the PET-film a complete model including elastic-plastic behavior as well as 
ductile damage was statically calibrated and dynamically validated, be it that some 
fine-tuning could be useful for taking into account strain rate effects. 
For the PSA a complete model including damage was statically calibrated (with 
shear tests in mode II) and validated (with peel tests in mode I). 
For glass a linear elastic model was based on the known static elastic material 
properties (from literature) and validated dynamically. The damage model extension 
was calibrated based on the statically determined flexural strength and known 
fracture energy (from literature). Extensive study was dedicated to try to further tune 
this model based on the impact test results. For this purpose different versions of the 
damage model were introduced but none yielded results that were completely 
satisfactory. As a result the glass model including breakage never became fully 
operational. 
Consequently there was no point in trying to combine the models of glass, PSA and 
film in one model because it is only after glass breakage that the safety window film 
can start making a difference. 
 
8. 2 OUTLOOK FURTHER RESEARCH 
8. 2. 1 EN 356 large-scale impact experiments 
During this PhD we also actively considered the possibility of conducting other 
large-scale impact experiments. An example in which quite some effort was put, was 
the drop weight impact test according to the EN 356 standard [1]. This test is 
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intended to classify security glazing products according to their resistance to forced 
entry (burglary). 
 
For these tests a general-purpose guiding system was already available at Ghent 
University. A lower structure comprising a table to support the specimen and the 
necessary safety fencing as well as a cart to carry the impactor up the guiding 
system were designed (Figure 8-1). Detail drawings for both structures as well as an 
automation design based on a logic controller are available. 
 
 
(a) (b) 
Figure 8-1 Design of the EN 356 test setup: (a) lower structure, (b) cart to carry impactor.  
With a cost estimated at €17500 and still plenty of work to be done on the other 
experiments, at that time it was decided to discontinue this research path. However, 
in the future it could provide a fitting means to assess the resistance against hard 
impact on real life sized window glass constructions. 
8. 2. 2 FEM 
Brittle glass 
As explained in 8. 1 this is the first hurdle that has to be taken to be able to perform 
simulations of the realistic behavior of glass fitted with safety window film. One of 
the lines of reasoning we have been pondering is to build a model of the glass where 
cohesive elements are inserted between the continuum material elements.  
Such a discrete modeling technique is also proposed in literature [2]. They use a 
dynamic insertion algorithm to introduce the cohesive elements when and where 
they are needed. The strength of these cohesive elements is Weibull distributed. In 
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this way the inherent stochasticity of the glass failure is introduced into the finite 
element model. 
However, as this is not available as built-in capability in Abaqus, it would require 
extensive subroutine programming. Moreover, it is questionable if this calculation 
intensive method will be feasible if we want to implement it to simulate the 
breakage of real life size glass plates. 
 
Brittle glass fitted with SWF 
With a working model for the brittle glass failure the finite element models of glass, 
PSA and PET-film could be combined to obtain a model of the glass fitted with 
safety window film. In a first stage one could try with only one layer of each, thus 
yielding a model of a monolithic (single-ply) safety window film applied to the 
glass. Later on, this model could be readily extended towards multiply safety 
window films by adding more layers of PET-film and PSA. 
  
EN 12600 
Enhancements to be looked into in future research include trying to obtain a better 
model of the tire body and also modeling realistic pressurized air behavior inside the 
tires, instead of using a constant pressure. 
 
Finally, when a fully operational model of glass fitted with safety window film 
including damage for both glass and SWF becomes available, this should enable the 
optimization of current safety window film constructions by searching iteratively for 
the thinnest and simplest safety window film construction which still meets the EN 
12600 performance requirements.  
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